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Balancing the performance and stability of
organic photodiodes with all-polymer active
layers†
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Shirong Lu c and Zhipeng Kan a

Organic photodiodes (OPDs) have emerged as a potential alternative for inorganic photodiodes in

light-detection technology due to their unique properties such as lightweight, flexibility, and tunable

absorption range. However, the stability of OPDs is one of the main issues preventing the

commercialization of OPDs. Herein, we performed a detailed characterization study of OPDs composed

of all-polymer and polymer donors/small molecular acceptors to evaluate the detectivity and stability of

devices. The small molecule acceptor Y5-Br and its polymerized counterpart PY-IT were selected to

minimize the energy and absorption differences and paired with PM6. We found that the Y5-Br based

device exhibited a higher detectivity and a lower dark current density due to the lesser extent of the trap

density, whereas the PY-IT based device demonstrated a faster response time and impressive thermal/

electrical stability. In addition, the analysis of the photosensitive layer morphology reveals that the

all-polymer films showed remarkable thermal tolerance. In contrast, the thermal treatment resulted in

apparent polymer and small molecule aggregations in the polymer–small molecule counterpart, leading

to large scale phase segregations. Our findings suggest that the all-polymer composition is an efficient

strategy to improve the stability of OPDs and provide a useful guidance for the commercial application

of OPDs in the future.

Introduction

Photodetectors (PDs) are vital constituents in devices for the
applications of environmental monitoring,1 industrial auto-
matic control,2 optical sensors in optical control switches,
etc.3–6 Due to the mature manufacturing process, high perfor-
mance, perfect stability and feasible integration with modern
electronic devices, PDs composed of inorganic semiconductors
are still dominating the photodetection technology.7,8 However,
their rigid structures and limited area scaling at low cost
constrain their use in some emerging applications.9 Therefore,
it is necessary to find the replacements with low manufacturing
cost, high detection performance and good stability. In addi-
tion, the future application of PDs in daily activity monitoring
is broad, requiring the ability of PDs to be attached to flexible

and curved soft surfaces.10–12 Fuentes-Hernandez et al.
reported that an appropriate selection of the organic semi-
conductor and electrode materials can improve the diode
characteristics.13 In their work, P3HT:ICBA was adopted as
the photosensitive layer, MoOx was used as the hole transpor-
ting layer, and PEIE was chosen as the electron transporting
layer. With such a device geometry, organic photodetectors
(OPDs) outperform the low-noise silicon photodiodes in all
metrics, except the response time. In particular, they can
detect low light levels under a low noise. Furthermore, large-
area OPDs with customized shapes on flexible substrates with
Ag/MoOx as the electrode were realized. Therefore, solution-
processed OPDs are potential substitutes for inorganic PDs
when low fabrication cost, wearable flexible structures,14 light
weight,15 and biocompatibility need to be considered.16

In recent years, due to the development of non-fullerene
acceptors (NFAs) with a high absorption coefficient, easy tun-
ability and unique absorption spectra, the power conversion
efficiency of organic solar cells has exceeded 19%.17–21 Besides
the rapidly improved photovoltaic performance, the advanced
optical properties make NFAs promising candidates for next-
generation optical sensing devices as well.22,23 Song et al.
developed near-infrared photodiodes with overall performance

a School of Physical Science and Technology, Guangxi University, Nanning, 530004,

China. E-mail: 2007401038@st.gxu.edu.cn
b Department of Chemical Engineering, Pohang University of Science and

Technology, Pohang 37673, South Korea
c Chongqing Institute of Green and Intelligent Technology, Chinese Academy of

Sciences, Chongqing, 400714, China

† Electronic supplementary information (ESI) available: More detailed charac-
terization results. See DOI: https://doi.org/10.1039/d2tc04132d

Received 30th September 2022,
Accepted 24th October 2022

DOI: 10.1039/d2tc04132d

rsc.li/materials-c

Journal of
Materials Chemistry C

PAPER

Pu
bl

is
he

d 
on

 2
4 

oc
tu

br
e 

20
22

. D
ow

nl
oa

de
d 

on
 7

/9
/2

02
4 

18
:1

1:
43

. 

View Article Online
View Journal  | View Issue

https://orcid.org/0000-0003-0180-0977
https://orcid.org/0000-0003-3953-5208
https://orcid.org/0000-0003-0321-3629
https://orcid.org/0000-0001-6438-1082
https://orcid.org/0000-0003-1378-541X
http://crossmark.crossref.org/dialog/?doi=10.1039/d2tc04132d&domain=pdf&date_stamp=2022-11-18
https://doi.org/10.1039/d2tc04132d
https://rsc.li/materials-c
https://doi.org/10.1039/d2tc04132d
https://pubs.rsc.org/en/journals/journal/TC
https://pubs.rsc.org/en/journals/journal/TC?issueid=TC010046


This journal is © The Royal Society of Chemistry 2022 J. Mater. Chem. C, 2022, 10, 17502–17511 |  17503

comparable to that of crystalline silicon-based photodiodes by
utilizing a series of low-bandgap NFAs such as IT-4F, Y6,
COi8DFIC, and IEICO-4F.24 For instance, the OPDs based on
PTB7-Th:IEICO-4F adopted an inverted device structure with a
thick photosensitive layer, which significantly reduces the dark
current leakage. The resulting device exhibits a spectral
response from 300 to 1000 nm with a specific detectivity of
5.1 � 1013 Jones at 930 nm. Owing to the synthetic feasibility of
NFAs, the properties of the materials can be altered by the
synthesis of a central core unit and the fine-tuning of the
side chains. Hence, by screening the energy levels between
NFAs and donors with complementary absorption profiles,
customized OPDs with various advantages, such as dark
current, specific detectivity (D*), and spectral selectivity can be
achieved.25–27 On the other hand, it was reported that the use of
NFAs can reduce energy losses associated with charge genera-
tion and non-radiative recombination, resulting in higher
photocurrents.28 Jang et al. compared one of the NFAs eh-
IDTBR and the fullerene acceptor PC71BM in organic photo-
diodes, and the specific detectivity of the device containing the
NFA eh-IDTBR reached 1.16 � 1013 Jones, which is much higher
(495%) than that of the PC71BM fullerene-based devices
(3.25 � 1012 Jones) at 540 nm under �1 V bias, exhibiting an
excellent noise suppression.29 In the application of OPDs, the
devices usually need to be operated under a constant bias
voltage and heat.30–32 Consequently, except the desired sensi-
tive detection performance, the excellent stability of PDs under
electrical stress and thermal stress is necessary for the com-
mercialization of OPDs. It was worth noting that all-polymer
solar cells composed of polymer donors and polymer acceptors
often show better thermal and morphological stabilities and
excellent stretchability and mechanical durability compared to
those of devices made from the polymer/small molecules and
all-small molecule counterparts.33–35 Accordingly, the OPDs
with both polymer donors and acceptors are supposed to have
better electrical and thermal stabilities compared with those of
the other material combinations. However, when different
materials were used, the device performances were affected
by both the spectral and energetic differences except altered
morphological patterns. As a result, the reported studies about
the device stability mainly focused on the specific donor/
acceptor combinations, while the cross check among different
systems was less discussed.

In this contribution, we selected a small molecule acceptor
(SMA) Y5-Br and its polymerized analogue PY-IT as the acceptor
to minimize the spectral and energetic differences, and fabri-
cated OPDs with a polymer donor PM6 for investigating their
performance and stability. PM6 was chosen as the electron
donor because its absorption range is complementary to the
selected acceptors and the appropriate energy levels. The
performances of OPDs were evaluated by analysing the photo-
current density, linear dynamic range (LDR), and transient
photoresponse. To understand the distinguished performance,
the trap state density derived by the dark current was discussed.
In addition, the stabilities of devices under electrical stress
and thermal stress were examined with constant voltage and

heat bias. The morphology and crystallinity of the photoactive
blends were monitored by using atomic force microscopy
(AFM), transmission electron microscopy (TEM), and grazing
incidence wide-angle X-ray scattering (GIWAXS). It was found
that PY-IT based OPDs showed a detectivity of 2.15 � 1012 Jones
at 840 nm under a �1 V bias, which was slightly lower than that
of the Y5-Br based device (9.21 � 1012 Jones). Both devices
exhibited excellent photosensitivity due to the well-aligned
energy levels and light-absorbing ability of the acceptor. Y5-Br
based devices and PY-IT based devices reached the highest
responsivity values of 0.49 and 0.47 A W�1 at 840 nm and
845 nm, which were significantly higher than those of com-
mercial silicon photodiodes. We directly compared the specific
detectivity and stability of high-performance Y5-Br and its
polymerized analog PY-IT based devices, and it was found that
the OPDs composed of PM6:PY-IT showed excellent stabilities
under constant electrical stress and thermal stress due to its
stable active layer morphology. Our findings emphasize the
importance of device stability, providing a useful guidance for
the commercial application of OPDs in the future.

Experimental
Device fabrication

OPDs were fabricated in a conventional device configuration of
ITO/PEDOT:PSS/active layers/PDIN/Ag. The glass substrates
were coated with a layer of indium tin oxide (ITO, 15 O sq�1)
(device area: 0.1 cm2). The substrates were prewashed with
isopropanol to remove organic residues before immersing in an
ultrasonic bath of soap for 15 min. The samples were rinsed in
flowing deionized water for 5 min before being sonicated for
15 min each in successive baths of deionized water, acetone
and isopropanol. Next, the samples were dried with pressurized
nitrogen before being exposed to an UV-ozone plasma for
15 min. A thin layer of PEDOT:PSS (B30 nm) (CLEVIOSTM
P VP AI 4083, Heraeus, Germany) was spin-coated onto the
UV-treated substrates, the PEDOT-coated substrates were sub-
sequently annealed on a hot plate at 150 1C for 20 min, and the
substrates were then transferred into a glovebox for active layer
deposition.

All solutions were prepared in a nitrogen-filled glovebox
using the polymer donor (PM6) and acceptors (Y5-Br and
PY-IT). The solutions used to prepare Y5-Br-based devices were
dissolved in ortho-xylene (o-XY), and a D : A ratio of 1 : 1.2 was
used for a total concentration of 35 mg mL�1. The prepared
solution was stirred at 50 1C for 5 hours. The active layer was
spin-coated at 2500 rpm for 40 s, and then the active layer was
thermally annealed at 120 1C for 5 min. The PY-IT-based device
used chloroform (CF) with 1-chloronaphthalene (1-CN) (1 vol%)
as the solvent and an optimum donor and acceptor blend ratio
of 1 : 1 (wt/wt) and a solution concentration of 18 mg mL�1 were
applied. The active layer was then spin-coated at 1200 rpm for
40 s on the PEDOT:PSS/substrate and thermally annealed at
80 1C for 5 min. Then, a PDIN layer was spin-coated on the
active layer as an electron transport layer. Next, the substrates
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were pumped down in a high vacuum at a pressure of
3 � 10�4 Pa, and an Ag layer (100 nm) was thermally evaporated
onto the active layer.

Results and discussion

To explore the influence of the acceptor with a different degree
of polymerization on the performance of OPDs, PM6, Y5-Br and
PY-IT were selected as photosensitive layers of bulk heterojunc-
tions (BHJs) to fabricate devices.36 The chemical structures,
absorbance spectra and the energy levels of the materials are
shown in Fig. 1. With the polymerization of small molecule
acceptor (PSMA) strategy, the structural differences between
Y5-Br and PY-IT are the bromide substituent in Y5-Br and the
thiophene linker in PY-IT.37 The absorption peaks of Y5-Br and
PY-IT are close, both covering a wavelength range from 300 to
950 nm with peak positions at 806 and 814 nm. The highest
occupied molecular orbital (HOMO) energy levels were deter-
mined by photon-electron spectroscopy in air (PESA). The
HOMO values of Y5-Br and PY-IT were �5.64 and �5.59 eV,
respectively. The lowest unoccupied molecular orbital (LUMO)
energy levels were usually estimated by adding an optical band
gap value to the HOMO. The optical band gaps of Y5-Br and
PY-IT were obtained from UV-vis absorption and photolumi-
nescence spectra measurements and were calculated to be 1.48
and 1.47 eV, respectively. The detailed information is presented
in Fig. S1 and Table S1 (ESI†). As such, the LUMO energy levels
of Y5-Br and PY-IT were �4.16 and �4.12 eV, respectively. The
appropriate energy offset between PM6 and the acceptors

demonstrated the possibility of efficient charge separation after
exciton photogeneration.38–40

The optimized OPDs adopt a conventional device geometry
and the detailed process is shown in the ESI.†

Dark current density (Jd) is defined as the current density
generated in the absence of illumination light, representing the
current leakage from devices. Therefore, Jd needs to be sup-
pressed to ensure a low noise and high detectivity (D*) response
of the OPDs when subjected to weak light signals. It was
evidenced that even the devices show a high near-infrared
EQE over 70%, the larger noise can cause the D* of devices to
be less than 1011 Jones.41 What is more, under a reverse voltage
bias, the adoption of the BHJ structure increases the probability
of hole injection from the cathode to the highest occupied
molecular orbital (HOMO) of the donor and electron injection
from the anode to the lowest unoccupied molecular orbital
(LUMO) of the acceptor, resulting in large unwanted noise
currents.29 To limit Jd, OPDs with a varied active layer thickness
were fabricated and the current density–voltage ( J–V) character-
istic curves are detailed in Fig. S2 (ESI†). A minimal Jd is found
when the active layer is about 200 nm thick for both OPDs.

The J–V curves under a monochromate light illumination
(520 nm, 80 mW cm�2) are plotted in Fig. 2a. When the reverse
bias is applied to the OPDs, the photocurrent of the PY-IT based
devices is slightly higher than that of the Y5-Br based devices.
Under dark conditions, the difference in the J–V curves of Y5-Br
and PY-IT based OPDs is more pronounced. Taking the OPDs
measured under �1 V bias applied as example, 8.80 � 10�6 and
1.51 � 10�4 mA cm�2 are obtained for the Y5-Br and PY-IT
based devices, respectively (Fig. 2b and Table 1). Whereas in the

Fig. 1 (a) Molecular structures of PM6, Y5-Br, and PY-IT. (b) Normalized UV-vis absorbance spectra of PM6, Y5-Br, and PY-IT in thin-films. (c) Energy
level diagrams of PM6, Y5-Br, and PY-IT. (d) Device architecture.
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positive bias region, PY-IT based OPDs reveal a distinct diode
behavior.42 Due to the well-matched energy levels and absorp-
tion regions (Fig. S3, ESI†), both OPDs exhibit EQE spectra
covering from 300 to 900 nm with a maximum response over
80% as depicted in Fig. 2c. Specifically, the EQE over 50% is
shown in the wavelength range from 353 to 877 nm, implying
that the OPDs can detect the photons with energy in this range.

To further evaluate the detection performance of the OPDs,
key metrics such as the responsivity (R), linear dynamic range
(LDR), and the response time of the OPDs were discussed.
The responsivity (sensitivity) of a PD is defined as the ratio of
the electrical signal to the optical input intensity, and can be
expressed using the following equation:

R ¼ Jph

Llight
¼ EQE� lq

hc
(1)

where Jph is the photocurrent density, Llight is the incident light
intensity, l is the wavelength of the incident light, h is the
Planck constant, q is the fundamental charge, c is the speed of
light, and EQE is the external quantum efficiency.43 The
responsivities of Y5-Br and PY-IT based devices at �1 V bias
are given in Fig. 2d, and the highest responsivities of 0.49 and
0.47 A W�1 at 840 and 845 nm are obtained. These results are
higher than that of the commercial silicon PDs (0.27 A W�1).44

The specific detectivity (D*), which reflects the ability to
detect weak light signals, is given by eqn (2):

D� ¼ Rffiffiffiffiffiffiffiffiffiffi
2qJd
p ¼

Jph

Llightffiffiffiffiffiffiffiffiffiffi
2qJd
p ¼ EQE�

lq
hcffiffiffiffiffiffiffiffiffiffi
2qJd
p (2)

where R is the responsivity obtained by eqn (1). From the above
equation, it should be noted that Jd and EQE are the main
parameters affecting the detection capability of OPDs. A higher
D* value indicates an increased ability to detect weak light,
and to obtain a high D* a high EQE and a low Jd are required.
In the absence of illumination, Jd defines the noise level of
the device, determining the minimum detectable signal of the
photodetector.42,45 As a result, the signals can be captured
when the generated photocurrent by the weak light source is
higher than Jd.46 Fig. 2e shows the calculated D* of the OPDs
under �1 V bias as a function of wavelength using eqn (2). The
D* value of the Y5-Br based devices at 840 nm is 9.12 �
1012 Jones, which is slightly higher than that of the PY-IT based
devices (2.14 � 1012 Jones).

During the operation of PDs, the incident light intensity and
the current signal may maintain a linear relationship in a wide
intensity range, i.e., the LDR, another key parameter of PDs.
It is especially important for outdoor applications of OPDs

Fig. 2 (a) J–V curves of the OPDs measured under monochromate light illumination (520 nm, 80 mW cm�2). (b) Dark J–V characteristics of the OPDs.
(c) EQE spectra. (d) Responsivity (R) of the OPDs under �1 V bias. (e) Detectivity (D*) of the OPDs under �1 V bias. (f) LDR of the OPDs under�1 V bias as a
function of the illumination light intensity.

Table 1 The figure of merits of OPDs composed of PM6:Y5-Br and PM6:PY-IT

Device Voltage (V) Jd (mA cm�2) Jph
a (mA cm�2) Responsivity (A W�1) Detectivity (cm Hz1/2 W�1) LDR (dB)

PM6:Y5-Br �1 8.80 � 10�6 21.14 0.49 9.12 � 1012 127.2
PM6:PY-IT �1 1.51 � 10�4 21.31 0.47 2.15 � 1012 80.5

a Photocurrent measured under 520 nm light-emitting diode illumination conditions (80 mW cm�2).
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because the devices can be exposed to significantly different
intensities of light. The LDR can be calculated using the
following equation:

LDR ¼ 20 log
J�phðVÞ
JdðVÞ

� �
(3)

where J�ph Vð Þ is the maximum value of the detectable photo-

current density, and Jd(V) is the dark current density under
reverse bias conditions.47 To evaluate the dependence of the
response linearity on the modulation power of the light source,
the LDR of the OPDs was calculated. Under �1 V bias, the LDR
of the Y5-Br devices is higher than that of the PY-IT based
devices. The LDR values of Y5-Br based devices and the poly-
merized analog are 127.2 and 80.5 dB, respectively. It should
be noted that the calculated LDR is comparable to those of
commercial optoelectronics diodes.43 The key advantages of the
OPDs are summarized in Table 1.

To estimate the charge carrier transport properties in the
photosensitive layers of the OPDs, hole-only devices with a
configuration of ITO/PEDOT:PSS/active layer/MoOx/Ag and
electron-only devices with a structure of ITO/ZnO/active layer/
PDIN/Ag were fabricated and the trap densities were calculated
from the dark J–V curves using a space-charge-limited-current
(SCLC) model47–49 (Table 1). As shown in Fig. 3a and b, when a
low bias voltage was applied to the devices, the injected carriers
were captured by the trap states in the active layer, and the J–V
followed the Ohmic conduction behaviors.

Subsequently, with the voltage increase the trap states were
filled by injected charge carriers and a steep J–V curve was
obtained, in which this region also described as a trap-filling

region. Finally, a further voltage increase makes all traps filled,
and the current density follows the trap-free Mott’s V2 law.47,50

This critical voltage is the trap-filling-limit-voltage (VTFL), which
can be obtained from the trap-filling region, and the trap
density can be calculated using the following formula:

VTFL ¼
eNtd

2

2ere0
(4)

where e is the elementary charge, d is the thickness of the
photosensitive layer, er is the dielectric constant of the film, and
e0 is the permittivity of free space (8.85 � 10�12 F m�1). It is
verified that in the hole-only devices, the hole trap densities
(Nt,h) of the two systems are similar owing to the same polymer
donor PM6 used. The Nt,h of the Y5-Br based hole-only devices
is 8.86� 1014 cm�3 and that of the PY-IT based devices is 8.49�
1014 cm�3 as listed in Table 2. On the other hand, the VTFL of
the PY-IT based electron-only device is 0.17 V, which led to a
high trap density (6.28 � 1014 cm�3). While the Y5-Br based
electron-only device exhibits a slightly lower trap density
(5.17 � 1014 cm�3). The higher trap density achieved in the
PY-IT based devices may account for the larger Jd,51 and the
effective inhibition of Jd in the Y5-Br based devices is due to
the less extent of trap states.

Fig. 3 J–V characteristics of the hole-only (a) and electron-only (b) devices under dark conditions. (c and d) On–off responses of the OPDs with
PM6:Y5-Br and PM6:PY-IT.

Table 2 VTFL and trap density of the hole-only and electron-only devices

Photosensitive film VTFL [V] Trap density [# cm�3]

PM6:Y5-Br Hole-only device 0.24 8.86 � 1014

Electron-only device 0.14 5.17 � 1014

PM6:PY-IT Hole-only device 0.23 8.49 � 1014

Electron-only device 0.17 6.28 � 1014
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The response time of a PD is a key parameter that reflects
how fast the PD can respond to a certain signal. It includes the
rise time (tr), which is defined as the time taken when the
signal amplitude increases from 10% to 90% of the maximum,
and the decay time (td) that the time costs to reduce the signal
from 90% to 10%.52 The normalized photocurrent density
responses of the OPDs under a 520 nm LED and under �1 V
reverse bias are plotted in Fig. 3c and d. The tr and td of the
Y5-Br or PY-IT based devices are 6.7 and 195.18 ms, or 4.9 and
166.9 ms. Both systems had the fast photodiode behavior due
to short tr were observed (Fig. S4a and b, ESI†). In particular,
a tr of 4.9 ms is close to the response speed of conventional
silicon photodiodes with a stable and fast response and requir-
ing no response check for periodic illumination. However,
there is a distorted waveform relative to the input signal in
the falling curve, and both devices exhibit the waveform of
a slow photodiode caused by the slow extraction of charges
(Fig. S4c and d, ESI†).

As mentioned above, the electrical and thermal stabilities of
OPDs guarantee the operations of the devices. Therefore, the
stabilities of the PM6:Y5-Br and PM6:PY-IT devices were mea-
sured under electrical stress and thermal stress.29,53 First, we
carry out the electrical stability analysis under illumination and
in the dark under a sustained bias of �1 V as shown in Fig. 4a
and b. The photocurrent of devices with PM6:Y5-Br degraded
gradually from 100% to 98.4% in 10 min under �1 V bias and

illumination. However, the PM6:PY-IT device shows a better
stability and maintained the photocurrent under constant light
and �1 V bias. In contrast to the electrical stability under
illumination, both systems exhibit perfect stability under dark
conditions, making it clear that illumination has a greater
influence on the electrical stability of the devices. Next, we
examine the thermal stability monitored by attenuating these
devices at 85 1C for 10 min and then comparing the perfor-
mance before and after the thermal stress as shown in Fig. 4c
and d. There was no significant change in the photocurrent of
both systems under illumination. However, when the light was
off the performance differences between the two devices before
and after thermal stress were apparent. The Y5-Br based devices
manifest that the dark current density increases rapidly by ten-
fold which is due to the aggregation of Y5-Br increasing the
phase separation of the active layer. In contrast, the PY-IT based
devices exhibit superior thermal stability at high temperature.
As a result, although the Y5-Br based devices show a slightly
better performance than the PY-IT based devices, there is still a
lack of their electrical and thermal stabilities, suggesting that
these OPDs should be evaluated giving priority to their device
stability.

To explore the morphological origins of the distinguished
stability behaviors of the OPDs, we characterized their thin film
morphology with atomic force microscopy (AFM) and transmis-
sion electron microscopy (TEM) tests as shown in Fig. 5.

Fig. 4 Device stability of PM6:Y5-Br and PM6:PY-IT under �1 V bias voltage (a) under illumination and (b) under dark conditions. Device stability of
PM6:Y5-Br and PM6:PY-IT after 85 1C heating for 10 min (c) under illumination and (d) under dark conditions. Data of original devices using Y5-Br and PY-IT
are included as a reference (blue dashed line). The results of both devices before and after aging are shown as a line on the graph after normalization.
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The PM6:PY-IT blend films were examined after thermal ageing
at 85 1C for 10 min, their root-mean-square (RMS) roughness
value changed from 1.30 nm (as spun conditions) to 1.29 nm,
indicating that the all-polymer network was not damaged by
heat stimulation. When the PM6:Y5-Br films were annealed
under the same conditions, the RMS value slightly increased
from 1.40 nm to 1.51 nm, which may have resulted from the
increased aggregation of the active layer. However, it is hard to
visualize the difference directly from both the topography and
phase images. On the other side, differences are noticed in the
TEM results. In the case of PM6:PY-IT, fibril structures are
observed in films with and without thermal treatment. This
fibrous nanostructure appeared to reduce surface irregularities
compared to the devices after heating at 85 1C for 10 min,
implying that the packed structures are aligned in the mixture,
thus providing a stable operation. In contrast, compared with
the fine mixed donor and acceptor morphology in the as-spun
film of PM6:Y5-Br, the aggregation features after thermal aging
are pronounced as shown in Fig. 5k and l. Such aggregation can
adversely affect the performance of the device by enlarging
nano-phase separation, resulting in a reduced donor–acceptor
interface, promoting charge recombination, and increasing
internal capacitance.54

To verify the findings from the thin film morphology study,
the grazing incidence wide-angle X-ray scattering (GIWAXS)
was performed as well. With the advantages of non-contact
and non-destructive, GIWAXS can be used to characterize
the photosensitive layers in situ and obtain a wide range of

microstructural information, such as the molecular orienta-
tion, crystal coherence length (CCL) and molecular packing
(p–p stacking).55,56 Fig. 6a and d show the 2D-GIWAXS maps of
the blend films, and Fig. 6e and f show the 1D-GIWAXS profiles
extracted from the in-plane (IP) and out-of-plane (OOP) direc-
tions of the 2D maps. The parameters such as CCLs and the p–p
stacking distance of the BHJ films obtained before and after
heating in the IP and OOP directions are summarized in
Tables S3 and S4 (ESI†). The p–p stacking peaks of both the
PM6:PY-IT and the PM6:Y5-Br blend films appear in the OOP
direction, indicating that both films tend to form an orienta-
tion parallel to the substrate (face-on). The size of the crystal-
lites can be calculated by CCLs effectively. Their CCLs of p–p
stacking in the OOP direction are calculated using the Scherer
equation (CCL = 2pK/FWHM, where K is the shape factor and
FWHM is the full-width at half-maximum of the peak). Two p–p
stacking peaks in the OOP direction are observed for these
devices, and are generated by PM6 and PY-IT, Y5-Br, respec-
tively. In the device composed of PM6 and PY-IT, these peaks
locate at 1.33 Å�1 and 1.63 Å�1 which correspond to PY-IT
and PM6, respectively, and the CCLs are 14.9 Å and 20.9 Å,
respectively. After heating, the peak positions of PY-IT and PM6
are 1.37 Å�1 and 1.64 Å�1 and the corresponding CCLs are
equal to 15.3 Å and 20.9 Å, respectively. The molecular packing
in the OOP direction in the PM6:PY-IT blend films after thermal
aging shows no obvious change, indicating that the morpho-
logy of all-polymer blend films is relatively stable, which is
beneficial for the operation of OPDs. The p–p stacking

Fig. 5 AFM height sensors (a–d) and phase (e–h) and TEM (i–l) images of the active layers composed of PM6:Y5-Br and PM6:PY-IT under different
conditions.
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diffraction peaks of Y5-Br and PM6 in the PM6:Y5-Br blend
films are located at 1.52 Å�1 and 1.64 Å�1 in the OOP direction,
and CCLs of 10.1 Å and 24.6 Å are obtained. However, the CCLs
change to 17.7 Å and 21.7 Å for the peak positions of 1.42 Å�1

and 1.67 Å�1. In this system, the CCLs of Y5-Br are significantly
increased and thus cause the increase of the p–p stacking
distance. The phenomenon demonstrates that the structure
of the active layer composed of PM6:Y5-Br is changed by
annealing leading to the aggregation of Y5-Br, resulting in a
larger phase separation and reduction of the donor–acceptor
interface,57 which is consistent with the increased surface
roughness exhibited by the heated AFM images and the more
pronounced aggregation features in the TEM images. The poor
morphological stability is the reason for the performance
degradation of PM6:Y5-Br based OPDs with thermal aging.

Taking the above findings into consideration, schematics of
all-polymer and the polymer/SMA active layer are illustrated in
Fig. 7. Fig. 7a shows that NFA molecules crystallize in the
mixing region of the polymer/SMA blend films, resulting in a
multi-length-scale morphology. NFA crystallites can serve as the
transport pathway and the carrier-generation sites, which may
lead to less trap states. The morphological characterization
demonstrates that NFAs and polymers aggregated, and the
stacking strength increased rapidly after the thermal aging of
the blend films. Based on these observations, we propose the
morphology scheme as shown in Fig. 7b, in which the crystal-
lization of NFA after thermal treatment is highlighted. While in
the BHJ network, the long-chain polymer in all-polymer blend
films is more likely to aggregate and crystallize to form a fibril
network structure.58 Compared to the blend films before heat-
ing shown in Fig. 7c, the nanofibrous structure reduces surface
irregularities under the effect of thermal aging shown in
Fig. 7d, and the molecular packing structure is more ordered
in the mixture. The stable molecular packing that improved the
micromorphology of all-polymer based devices may explain
the all-polymer stabilized probe performance. Therefore, the

morphology optimization can be successfully achieved using
the PSMA strategy to improve the stability of the devices
providing a new route for the commercialization process
of OPDs.

Conclusions

In conclusion, the performance of OPDs composed of PM6:Y5-Br
and PM6:PY-IT was systematically investigated. In comparison,
the PM6:Y5-Br device exhibited better detectivity and LDR due to
the excellent dark current suppression, while its responsivity was
comparable with that of the PM6:PY-IT device. On the other hand,
the PM6:PY-IT devices showed a faster response time and better

Fig. 7 Schematic illustration of (a) as-cast and (b) thermally annealed
PM6:Y5-Br films. Schematic illustration of (c) as-cast and (d) thermally
annealed PM6:PY-IT films.

Fig. 6 2D-GIWAXS maps of (a) as-cast and (b) thermal annealed PM6:PY-IT films. 2D-GIWAXS maps of (c) as-cast and (d) thermal annealed PM6:Y5-Br
films. (e) and (f) 1D profiles in IP and OOP directions of the blend films with and without thermal treatment.
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thermal and electrical stabilities. The morphological analysis
confirmed that the active layer of PM6:PY-IT had remarkable
heat tolerance. Therefore, the selection of photocurrent-
enhancing devices with appropriate energy levels and a photo-
sensitive layer morphology is the key to OPD production. Based
on this, polymer acceptors can be developed through the PSMA
strategy to enhance the stability of the OPD devices while
maintaining their high performance, which will positively
impact the optimization of stable OPDs for commercialization
in the future.
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