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An efficient self-powered organic photodetector with a self-
assembled 4PACz material as the hole transport layer was prepared,
and the device demonstrates long-term stability with a responsivity
of 0.4 A W™, fast response time of 7.2 ps and specific detectivity of
over 10'2 Jones in the near-infrared range.

Introduction

Organic photodetectors (OPD) are devices that convert optical
signals into electrical signals, and have been applied in many
fields, including artificial intelligence, medicine, defense, ima-
ging, communication, etc.'”® The improvement of OPD device
performance is related to the development of materials and
device structures. Among the materials candidates for high-
efficiency devices, A-D-A-structured small molecules are extre-
mely promising as they exhibit superior energy level tunability,
and good molecular crystallinity. The multiple D-A interactions
increase the backbone interaction between the adjacent accep-
tor molecules and/or the polymer donor in the blend film,
facilitating molecular aggregation and electron transport, while
also contributing to phase aggregation.” Organic photo-
detectors with bulk heterojunction structures have a similar
device structure to organic photovoltaic devices® and photo-
transistors,” and the uniform distribution of donors (D) and
acceptors (A) in the active layer demonstrates serious phase
separation, and is detrimental to the long-term stability of the
device.'® To solve the phase separation issue, researchers have
tried different methods, including adjusting the donor acceptor
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ratios, using different solvent solutions, using thermal or
solvent annealed films, etc.**™*

The introduction of a transport layer further improves the
charge injection/transport process at the electrode interfaces,
and normally results in enhancement of the organic photodetector
performance. However, the traditional hole transport layer (HTL)
material PEDOT:PSS (poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate) is water-soluble and susceptible to water vapor, and is
detrimental to the stability of the device." In recent years, self-
assembled materials have been used as the hole transport layer
in photovoltaic devices, due to their adjustable energy levels,
low cost, high light transmittance, and passivation with trans-
parent conductive oxide substrates."®° Some self-assembled
monolayers exhibit limited dipole orientation on indium tin
oxide (ITO),>*>* and flexible devices based on self-assembled
films are also highly durable.>®?® By changing the end groups,
the self-assembled transport material can also be further mod-
ified to improve the device performance.>”*°

In this work, to improve the device performance and long-term
operational stability, an efficient near-infrared organic photodetec-
tor with a diluted D/A ratio of 1:19 based on the PM6:L8-BO
structure was successfully prepared. The traditional balanced D/A
ratio in the active layer induced serious phase separation, while the
diluted D/A ratio results in high donor or acceptor phase purity,
which benefits the long-term operational stability of the device.
Furthermore, one self-assembling hole transport layer 4PACz
((4-(9H-carbazol-9-yl)butyl)phosphonic acid) was introduced, to
replace the traditional PEDOT:PSS material, and an efficient
organic photodetector with long-term operational stability was
obtained. The resulting photodetector exhibited a peak respon-
sivity close to 0.4 A W' at 800 nm and resulted in a specific
detectivity of over 5 x 10'* Jones at near-IR (NIR) wavelengths,
and a fast response time of 7.2 ps. The corresponding flexible
device based on the PET/ITO substrate with an additional 30%
polystyrene (PS) in the 4PACz layer was also prepared, further
improving the flexibility and detection performance, with a
maximum responsivity of close to 0.28 A W' and specific
detectivity of over 10'" Jones.
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Results and discussion

Here, the polymer PM6 (poly[(2,6-(4,8-bis(5-(2-ethylhexyl-3-fluoro)-
thiophen-2-yl)-benzo [1,2-b:4,5-b']dithiophene))-alt-(5,5-(1',3'-di-2-
thienyl-5',7'-bis(2-ethylhexyl)-benzo [1’,2"-c:4’,5'-c']dithiophene-
4,8-dione))]) and small molecular L8-BO (2-{2-[[8,22-bis(2-
butyloctyl)-23-[[1-(dicyanomethylidene)-5,6-difluoro-3-oxoinden-
2-ylidene]methyl]-3,27-bis(2-ethylhexyl)-6,10,15,20,24-pentathia-
3,14,16,27-tetrazaoctacyclo[16.9.0.02,12.04,11.05,9.013,17.019,
26.021,25]heptacosa-1(18),2(12),4(11),5(9),7,13,16,19(26),21(25),
22-decaen-7-ylmethylidene]-5,6-difluoro-3-oxoinden-1-ylidene]pro-
panedinitrile) were introduced as donor and acceptor, respectively.
The transport materials are PEDOT:PSS and 4PACz, respectively,
and photodetectors with different D/A ratios from 1:1.2 to 1:19
were prepared. The structure diagram of the device and energy
levels, chemical structures of related materials and absorption are
shown in Fig. 1. The OPDs are prepared with a structure of ITO/
PEDOT:PSS/PM6:L8-BO/PDINO/Al and ITO/4PACz/PM6:L8-BO/
PDINO/AL The current-voltage curves and external quantum effi-
ciency (EQE) characterization of the devices are shown in Fig. 2 and
Fig. S1-S4 (ESIt). For PEDOT:PSS based devices, compared to
optimized devices (with D/A ratios of 1:1.2), the diluted devices
(with D/A ratios of 1:19) demonstrated a significantly decreased
EQE and photocurrent value (Fig. S4, ESIt). Due to reduced non-
radiative recombination loss,>" the open circuit voltage is
significantly improved in the diluted 1:19 blend (Fig. S1, ESI¥).
As a comparison, for the 4PACz based devices, the photocurrent
of the diluted devices is slightly decreased compared to the
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device with a normal D/A ratio (1:1.2) (Fig. 2a). The light
detection performance was also improved after the self-
assembled transport layer 4PACz was introduced. Specifically,
the EQE value in the range of 650-850 nm is slightly increased
from 83% (PEDOT:PSS material) to 91% (4PACz material) for the
optimized devices, while it is significantly increased from the
original 40% (PEDOT:PSS material) to 60% (4PACz material) for
the diluted (1:19) devices (Fig. 2(b) and (c)). To the best of our
knowledge, the value of 91% is among the highest EQE values of
organic photodetector devices. These results suggest that the self-
assembled 4PACz benefits interfacial charge transport between the
electrode and active layer, and results in a higher photocurrent and
EQE value (Fig. 2b and c) in the diluted PM6:L8-BO blends,
compared to the PEDOT:PSS based devices. It is noted that the
photocurrent was found to increase linearly with irradiance up to
~10"' W em™?, ie., over five orders of magnitude both in diluted
(1:19) and optimized (1:1.2) devices (Fig. S3, ESIt), and compar-
able linear dynamic ranges (LDR) (~110 dB) can be obtained
atoVv.

The device operational stability is critical for future commercial
applications, and to explore long-term device performance, all of
the above devices were stored in air for 50 days. The device with a
PEDOT:PSS interfacial layer was completely non-functional after 50
days in air, and as a comparison, the detectivity performance of the
device with a 4PACz interfacial layer was greatly preserved (Fig. 2d).
Specifically, the EQE value significantly decreased from 90% to
40% in the range of 700-850 nm for the balanced devices (1:1.2),
while the EQE value was slightly decreased from 63% to 50% in the

PEDOT:PSS
(9)

Wavelength(nm)

(a) The rigid ITO and (b) flexible PET/ITO device structures with diluted donor and acceptor ratios. The chemical structures of (c) PEDOT:PSS, (d)

4PACz, and (e) PS. (f) Energy levels of the materials. (g) Absorption spectra of PM6, L8-BO, and diluted PM6:L8-BO blends (1:19).
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(a) J-V curves of devices with normal D/A ratios and diluted D/A ratios. (b) EQE comparison of diluted organic photodetectors with different interfacial

layers. (c) EQE comparison of 4PACz and PEDOT:PSS based organic photodetectors. (d) EQE of the diluted device with 4PACz as the HTL layer after 50 days in air.

range of 700-850 nm for the diluted devices (1:19). Previous studies
indicate that the monolayer interfacial materials benefit interfacial
charge transport with interfacial dipole contributions, and this
results in an improvement in the photovoltaic device stability.>
Furthermore, compared to the balanced devices (1:1.2), the diluted
devices (1:19) exhibit greater D/A domain purity, which also con-
tributes to the improvement of the device stability. These results
suggest that the self-assembled transport layer 4PACz can indeed
improve the long-term stability of the PM6:L8-BO device perfor-
mance, especially for diluted devices (Fig. S4, ESIT).

To further characterize the performance of the prepared
organic photodetectors, the responsivity (R) and specific detectiv-
ity (D*) of the devices are calculated (see the ESIt). The results are
shown in Fig. 3(a) and (b). Compared to the PEDOT:PSS based
device, both responsivity and detectivity are significantly
improved in the 4PACz based devices, as 4PACz demonstrates a
suitable energy level, better transmittance and interfacial dipole
contribution. The device performance is summarized in Table S1
(ESIt). Specifically, the responsivity around 800 nm is close to
0.4 AW for the 4PACz based diluted device, which is among the
highest values in organic photodetectors at NIR wavelengths, and
the related D* is in the order of magnitude of 10'* Jones. The
repeatabilities of the fabricated OPDs were further investigated.
The distribution of the EQE values is illustrated in Fig. S6 (ESIt),
and the corresponding R and D* are illustrated in Fig. S7 and S8
(ESIY), respectively. According to the Gaussian function fitting
result (shown as red curves), the average R values of the
fabricated normal OPDs and diluted OPDs (based on the 4PACz
layer) are around 0.50 A W' and 0.35 A W', respectively.
The corresponding D* values are around 7.0 x 10" Jones and
4.7 x 10" Jones, and approximately 80% of the D* values of the

3060 | Mater. Adv,, 2025, 6, 3058-3062

devices are located near the average value, indicating that the
fabricated devices demonstrated excellent device reproducibil-
ity. The response speed is another significant parameter of
OPDs, which is very important for optical communication and
imaging applications. We also measured the time-dependent
response of the photodetector. Fig. 3(c) shows the photocurrent
response of the device at no applied bias. From the diluted
photodetector responses, fall times, ¢ (time for the photo-
response to decrease from 90 to 10%), of 4.5 ps for the PEDOT:PSS
based device and 7.2 ps for the 4PACz based device were obtained,
respectively. Such response speed values are among the best for
organic or perovskite photodetectors measured at no external bias.

For future commercial organic photodetector applications,
good mechanical flexibility and stretching ability need to be
further considered.*** To further explore the self-assembled
transport layer in diluted PM6:L8-BO organic photodetectors, a
small amount of polystyrene (30%) was introduced into the
4PACz layer, and the corresponding flexible device was obtained
(Fig. 1(b)). The current-voltage characterization and device para-
meters are summarized in Fig. S9 and Tables S1-S3 (ESIt). The
responsivity and detectivity behaviours of the diluted organic
photodetector devices are shown in Fig. 4a and Fig. S10 (ESI}).
Compared to the 4PACz based flexible device, the device perfor-
mance in the range of 600-650 nm is slightly improved from
0.26 AW ' to 0.29 A W' after inserting polystyrene (PS), and
such a value is comparable to the performance of an ITO glass
based device. Furthermore, the long-term stability of flexible
devices also demonstrates similar features to ITO glass based
devices, even after several stretching/bending cycles. Specifically,
the EQE value was slightly decreased from 65% to 45% in the
range of 700-850 nm for diluted devices (1:19). After introducing

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Responsivity results in diluted organic photodetector devices. (b) Detectivity results in diluted organic photodetector devices. (c) Response

speed of PEDOT:PSS based organic photodetector devices. (d) Response speed of 4PACz based organic photodetector devices.

PS to 4PACz blends, the long-term device performance became
even better, the EQE value slightly decreased from 60% to 48%,
and the corresponding responsivity value decreased from
0.37 AW ' to 0.27 AW (Fig. S11, ESIf). The surface morphol-
ogies of the HTL layer (with and without PS) with the active layer
were studied in detail by atomic force microscopy (AFM) (Fig. 4

@ o3 —
I';;’uu”“'jD \““».;,‘ L1p12
) D‘\:‘: % 10
[ B
~o02{ . _
3
% s L 10"
—~ s £ [*]
X VA= \ 2
014/ I’F ——4PACz Yoo
ff ——apAcz+Ps \ 10
~—- 4PACz
4PACZ+PS \
4PACz(on rigid ITO device) Y|
r v " - r 10°
300 400 500 600 700 800 900
Wavelength(nm)

4;AC;, PS[?r:emJ.s‘ ¢
<r S

-10.0 nm

Fig. 4

and Fig. S13, ESIt). After blending PS in the 4PACz, the resulting
film exhibits an increased roughness value (increased from 2.8 nm
to 7.9 nm) and nanofibril features. Previous studies demonstrate
that the interfacial nanofibril features result in nanocontact at
the electrode and efficient charge extraction can be obtained in
flexible organic heterojunction diodes.* Furthermore, PS appears

b
() 4PACz/PM6:L8-BO
Rq=2.80nm
10.0 nm
-10.0 nm
Height Sensor
(d)400
& 350 —— Linear fitting . .
£ 300 (k=2.0999)
L2509  p=t7710°
2
‘» 2004
C
[
T 150
[
[J]
=
3 1007

08 09 1 11 12 13141516
Voltage(V)

(a) Responsivity and detectivity of flexible diluted organic photodetector devices. (b) AFM height image of 4PACz based films. (c) AFM height

image of 4PACz:PS based films. (d) SCLC of the diluted device after introducing PS in the 4PACz HTL layer.
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frequently to work as the intermediate layer for modulating
interfacial charge transfer.**® Thus, inserting PS in the 4PACz
layer in flexible devices results in a high roughness value and
nanofibril features, forming a nanocontact with the electrode, and
further improving charge extraction at the electrode with high
mechanical flexibility. This conclusion can also be further con-
firmed by the hole mobility value, as the hole transport mobility
was significantly increased from 2.79 x 10~7 em® V' * s™* (Fig.
S$10a, ESIT) to 1.77 x 10 % em® V™' s~ (Fig. 4d) after inserting PS.

Conclusions

We have successfully prepared a series of efficient PM6:L8-BO
organic photodetectors with an unbalanced D/A ratio, and
further improved the photodetector performance with one self-
assembled 4PACz transport layer. In contrast to previous reports
on bulk heterojunctions, we demonstrated that diluted blends
with an unbalanced D/A ratio exhibit high photodetector perfor-
mance and long-term device stability. We also show that such
photodetectors exhibit a response time of 7.2 ps, and the specific
detectivity reaches 5 x 10" Jones at NIR wavelengths without
external bias. Finally, compared to bulk heterojunctions with
balanced D/A ratios, the diluted organic photodetector exhibits
an improvement in the long-term stability in air, whether on
glass substrates or flexible PET substrates. We thus believe that
the present work re-opens the door to exploring the dilution
strategy and monolayer interfacial materials for organic photo-
detectors that can exploit the unique strategy of combining long-
term device stability with high detector performance.
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