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Despite the relatively unique advantages of morphological stability in PSMA-based polymer solar cells
(PSCs), the microstructure evolution of the active layer over the thermal stress is highly sensitive to the
degraded efficiency still remains a challenge. To reveal the specific roles of polymer donors (PDs) and
polymerized small molecular acceptors (PSMAs) in the microstructure evolution of active layers over
thermal stress, we developed a new PSMA named P50-y using near-infrared absorption via a random
ternary copolymerization strategy of combining two different small molecule precursors with BPT-core
and BPTz-core. The resultant PSMA-based PSCs have achieved a high-power conversion efficiency
(PCE) of 15.1% when paired with the commonly used PD (PBDB-T). Furthermore, we reveal the
respective influences of PD and PSMA in the active layer on the thermal stability of devices. Specifically,
after the thermal annealing treatment at 80 °C for 150 hours, PSC maintained ~80% of the initial PCE,
in which the photocurrent was slightly decreased while the fill factor (FF) significantly reduced.
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Accepted 7th December 2022 burn-in disaggregation of PD, which is supported by the absorption spectra and crystalline characteristics
of the annealed active layer. Our work not only presents a new PSMA to achieve efficient and relatively

stable PSCs but also reveals for the first time that PD dominates the thermal-disaggregation process of
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1. Introduction

Polymer solar cells (PSCs) with bulk-heterojunction active layers
have shown multiple advantages of low-cost processability and
versatile potential applications in transparent, lightweight, and
flexible electronic devices."™ By virtue of the breakthrough of
photovoltaic materials, especially the recently developed non-
fullerene small-molecule acceptors (SMAs),>** SMA-based PSCs
have achieved the state-of-the-art power conversion efficiencies
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(PCEs) of over 19%.">* Comparatively, all-polymer solar cells
(all-PSCs) based on a tightly entangled active layer of the
polymer donor (PD) and polymer acceptor (PA) are considered
to be the most promising photovoltaic technologies with more
application prospects in wearable electronics due to the high
mechanical strength and superior morphological stabilities,">™°
yet they still suffer from the relatively low PCEs, which is primarily
due to the lack of high-performance of PAs compared to the
diverse SMAs. Therefore, further improving the PCEs of all-PSCs
is critical for advancing commercial organic photovoltaics.>* >
From this perspective, developing novel PAs with favorable proper-
ties to match well with high-performance PDs is the key to further
advancing all-PSCs.

Recently, as the most recent and important milestone in the
development of PAs, Li et al. have developed an ingenious
strategy to construct high-performance PAs, namely polymer-
ized SMAs (PSMAs), by polymerizing SMAs with desirable
optoelectronic properties.”®> For example, as the first PSMA,
PZ1 originated from an SMA precursor, namely IDIC-C16, with
mixed 5(or 6)-brominated end-groups has achieved an impress-
ively high PCE of over 9% in all PSCs due to its narrow bandgap

This journal is © The Royal Society of Chemistry 2023
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and high extinction coefficient,”® attesting the effectiveness of
this strategy. More recently, encouraged by the great success of Y6
and its derivatives with near-infrared (NIR) absorption and low
energy loss,>*? a series of efficient PSMAs originating from Y6
derivatives as precursors have been developed and have achieved
significantly increased PCEs.”®> Although those PSMA-based
all-PSCs have achieved the highest PCE of up to 18%,*® it is
imperative to adopt novel strategies and develop diversified
polymer acceptors to improve their PCEs further.

Additionally, excellent thermal stability is one of the pre-
requisites for the practical applications of efficient PSMA-based
all-PSCs,>”** however, it is still not satisfactory for the lab-scale
device due to the slightly degraded efficiency over thermal
stress. For example, Fu et al. recently reported regio-regular
PSMA, namely PZT-y,** providing a higher PCE of 15.8% when
paired with a typical polymer donor PBDB-T, while its all-PSCs
maintained ~ 81% of the initial PCE upon the thermal stability
test under high-temperature of 70 °C for 120 h. Specifically, a
significantly degraded fill factor of ~20% after prolonged
heating at 70 °C was observed in three PSMA-based all-PSCs,
which is generally regarded as due to the film morphological
evolution over thermal stress.** However, the in-depth roles of
PDs and PAs in the microstructure evolution of active layers
over thermal stress and related device performance are poorly
understood so far. Furthermore, very few efforts on long-term
thermal stability have been directed toward defining the
rational molecule design that overcomes the above challenges
for further advancing PSMA-based PSCs.

Herein, a new PSMA named P50-y was developed via a
random ternary copolymerization strategy of combining two dif-
ferent SMA precursors with the BPT-core and BPTz-core to realize
the expective optoelectronic properties.** The fundamental studies
show that P50-y has strong NIR absorption, suitable energy levels,
high electron mobility, strong crystallinity, and excellent thermal
stability. When paired with a classical PD named PBDB-T, the
PSMA-based PSCs achieved a high PCE of 15.1%. After the thermal
annealing treatment at 80 °C for 150 hours, PSMA-based PSCs
maintained ~80% of the initial PCE, in which the short-circuit
current density (i) was slightly decreased and the fill factor (FF)
obviously decreased. Further studies revealed that the decrease in
PCE is mainly attributed to the burn-in disaggregation of PD, which
is supported by the absorption and morphological properties of the
annealed active layers. As a result, our study not only developed a
new PSMA named P50-y to achieve efficient and relatively stable
PSMA-based PSCs, but also revealed for the first time that PD
dominates the thermal-disaggregation process of PSMA-based PSCs.

2. Results and discussion

Herein, we designed and synthesized a new PSMA named P50-y
with near-infrared absorption via a random ternary copolymer-
ization strategy of combining two small molecular accepting
precursors (BPT-core and BPTz-core) with a thiophene monomer.
We expected this random ternary copolymerization strategy to
enable the P50-y with the desired optoelectronic properties as

This journal is © The Royal Society of Chemistry 2023
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4546 The molecular structure and

demonstrated in recent studies.
synthetic route of P50-y are displayed in Fig. 1a and Scheme S1
(ESIT). BPT-2HO and BPTz-2CHO were synthesized according to
previous reports.>*** YIC-Br-y, ZIC-Br-y, and P50-y were charac-
terized by "H NMR (Fig. S1-S3, ESI{). P50-y was obtained by
random ternary copolymerization using Pd,(dba); and P(o-tol); as
catalytic systems. The detailed synthetic information is described
in the ESI.t As shown in Fig. S4 (ESIt) of high-temperature gel
permeation chromatography (GPC) measurement using 1,2,4-
trichlorobenzene as the eluent at 150 °C, P50-y has a number
average molecular weight (M,) of 8.7 kDa with a polydispersity
index (PDI) of 1.72. Note that P50-y has a low molecular weight
with 2-3 monomers, which indicates a low degree of polymeriza-
tion. We believe that the further advanced synthesized method
will assist PSMAs with a higher molecular weight. P50-y can be
readily dissolved in common organic solvents, such as chloro-
form, toluene, and chlorobenzene. As shown in Fig. S6 (ESIT),
thermogravimetric analysis (TGA), P50-y has a high thermal
decomposition temperature (T4) of ~350 °C under a weight loss
of 5%, which is sufficient for device manufacturing.

The UV-vis absorption spectra of P50-y in the solution and
thin films are shown in Fig. 1b and corresponding data are
summarized in Table 1. In dilute chloroform, P50-y shows a high
maximum extinction coefficient (¢) of 3.42 x 10° M ' cm ™" at the
absorption peak (Amax) of 797 nm. Moreover, P50-y film exhibits
an obviously red-shifted 1, at 820 nm compared to the solution
one, indicating a solid intramolecular interaction.*” Furthermore,
the P50-y film has a NIR-absorption onset (Aonser) located at
931 nm that corresponds to a small optical bandgap (Eg™) of
1.33 eV, which can well complement a wide bandgap PBDB-T for
harvesting more photons. In addition, significant n-r* transition
peaks from P50-y were observed at ~500 nm in both the solution
and thin film, indicating efficient charge delocalization.*®

Cyclic voltammetry (CV) measurements were carried out to
study the highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) levels of active
layer materials (Fig. S8, ESIT). As shown in Fig. 1c and Table 1,
the HOMO/LUMO levels were determined to be —5.30 eV/—3.45
eV for PBDB-T and —5.61 eV/—3.76 eV for P50-y, respectively.

As shown in Fig. S9 and Table S1 (ESIt), grazing incidence
wide-angle X-ray scattering (GIWAXS) measurements were per-
formed to investigate the molecular orientation, crystallinity, and
packing properties of PBDB-T and P50-y neat films. As evidenced by
the strong (010) n—r stacking diffraction peaks in the out-of-plane
(OOP) direction, two neat films exhibit a face-on dominant orienta-
tion. On the other hand, in the in-plane (IP) direction, P50-y shows a
strong (100) diffraction peak at 0.392 A~* with a small d-spacing of
1.60 nm and a high crystal coherence length (CCL) of 9.75 nm, while
PBDB-T has a sharp (100) diffraction peak at 0.318 A~* with a d-
spacing of 1.97 nm and a CCL of 6.75 nm. Notably, PBDB-T displays
an additional diffraction peak at 0.692 A~ compared to P50-y,
which offers an excellent channel to investigate the thermal stability
of each component in the PBDB-T:P50-y active layer.

To probe the photovoltaic performance of P50-y, PSMA-
based PSCs with a device structure of ITO/PEDOT:PSS/
PBDB-T:P50-y/PFN-Br/Ag were fabricated. The detailed device
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Fig. 1 (a) Molecular structures of PBDB-T and P50-7. (b) Absorption spectra of P50-y in dilute chloroform (<10~6 mol L™%) and thin film. (c) Energy levels

of PBDB-T and P50-y.

Table 1 Optical and electrochemical data of PBDB-T and P50-y

2 film

Im

Polymer M, [kDa] PDI & [M 'em '] A [nm]  ihm[nm] DM [nm]  ESP[eV]®  Erumo [€V]  Enomo [eV] T4 [°C]
PBDB-T 21.3 6.58 0.48 x 10° 612 630 695 1.78 —3.45 —5.30 392
P50-y 8.69 1.72 3.42 x 10° 797 820 931 1.33 —3.75 —5.54 356

“ EP' = 1240/ Zonser. © From CV curve: Enomo = —[Eox + (4.8 — Fo/Fe!)], Evumo = —[Erea + (4.8 — F/F.)].

optimization processes and relevant performance parameters
are summarized in Fig. S11, S12 and Tables S2, S3 (ESIt). As
shown in Fig. 2a, the current density-voltage (J-V) curves and
Table 2 of photovoltaic parameters, the PBDB-T:P50-y-based PSCs
achieved an ideal PCE of 15.10% with both high J. (24.85 mA
em?) and FF (71.65%). Since good stability is a prerequisite for
practical applications of OSCs devices, herein, the storage and
thermal stabilities in the N,-filled glovebox of PSMA-based PSCs
were probed. Under continuous annealing at 80 °C for 150 hours,
the PSMA-based PSCs maintained ~80% of the initial PCE,
indicating good thermal stability. The external quantum effi-
ciency (EQE) spectrum is shown in Fig. 2b, and the integral
values are shown in Table 2. All devices exhibit broad and strong
EQE response at 300-900 nm, while the EQE spectrum in the
700-900 nm region gradually decreased with increasing anneal-
ing time, which may be due to the minimal morphological
evolution in the mixed phase, inferred by the slightly decreased
Jse- As shown in Fig. 2¢, the PCE decay of PSMA-based PSCs is
mainly due to the apparent decrease in FF from 71.65% to
59.08%, while the open-circuit voltage (V,., from 0.85 to 0.81 V)
and J,. (from 24.85 to 24.58 mA cm™ ) well retained 95.3% and
98.9% of the initial values. A similar phenomenon was also
observed for the storage stability in PSMA-based PSCs, as shown
in Fig. S13 and Table S4 (ESI}).

752 | J Mater. Chem. C, 2023, 11, 750-758

Since the PCE decay of PSMA-based PSCs is mainly due to
the apparent decrease of FF, the charge-transporting properties
of PBDB-T and P50-y neat films and related PBDB-T:P50-y
blend were studied using the space-charge-limited current
(SCLC) method. As shown in Fig. S14 and Table S5 (ESIt), both
fresh neat films achieved high electron-mobility (z) of 9.91 x
10~* em® V' s~ for P50-y and high hole-mobility (u,) of 29.5 x
10~* em® V' s~ for PBDB-T. Notably, after continuous annealing
at 80 °C for 150 hours, P50-y film had a well-kept initial . (8.03 x
10~* ecm® V' s "), while PBDB-T film obtained a 38% significantly
reduced i, (18.4 x 10* em® V' s71). As exhibited in Fig. 2d, the
fresh PBDB-T:P50-y blend achieved both high u. (8.64 X
107 em®> V' s and w, (849 x 107* em® V! s7') with a
balanced p/uy ratio close to 1. Similar to the annealed neat films,
the PBDB-T:P50-y blend annealed at 80 °C for 150 hours also
achieved well-kept . of 6.64 x 10™* cm® V' s™' and much-
decreased py, of 4.72 x 10~* em® V™" s7'. The decay of uy, results
in a relatively unbalanced charge transport property with an
increased po/up ratio of 1.41, thus resulting in a reduced FF in
PSMA-based PSCs.

To further probe the in-depth roles of PD and PSMA in the
microstructure evolution of active layers under thermal stress
and related device performance, the absorption spectra of
PBDB-T, P50-y, and PBDB-T:P50-y films with different annealing

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 (a) J-V curves, (b) EQE spectra, and (c) normalized photovoltaic parameters of the PBDB-T:P50-y-based PSCs with different storage times under
80 °C in the N,-filled glovebox. (d) The mobilities of the PBDB-T:P50-y-based devices with fresh active layer and annealed active layer at 80 °C for

150 hours.

Table 2 Photovoltaic data of the PBDB-T:P50-y-based PSCs with prolonged annealing times under 80 °C in the N,-filled glovebox

Annealing Time [h] Voe [V] Jse [MA cm™?] Jeal” [MA cm™?] FF [%)] PCE? [%]

0 0.85 (0.83 % 0.01) 24.85 (24.59 + 0.26) 24.12 71.65 (71.10 £ 0.72) 15.10 (15.00 £ 0.10)
10 0.84 (0.82 + 0.01) 24.77 (24.40 + 0.31) 23.94 67.88 (67.14 + 0.68) 14.16 (14.03 + 0.13)
48 0.83 (0.81 % 0.02) 24.66 (24.44 + 0.22) 23.77 63.60 (63.00 + 0.81) 12.98 (12.81 + 0.17)
150 0.81 (0.80 + 0.02) 24.58 (24.40 + 0.18) 23.65 59.08 (59.08 + 0.71) 11.79 (11.64 + 0.15)

¢ Integrated values from EQE spectra.

times at 80 °C were measured. With continuous annealing from
0 to 150 hours, the PBDB-T film showed obviously and gradually
lower absorption intensity (Fig. 3a), implying that the intermo-
lecular stacking was disrupted to some extent. Conversely, the
P50-y film showed much weaker temperature dependence in
absorption intensity with a barely perceptible decay rate
(Fig. 3b), suggesting that thermal annealing has less effect on
intermolecular aggregation and stacking behavior. Similarly,
the PBDB-T:P50-y blend also exhibited a much lower absorption
intensity belonging to PBDB-T, and a slightly reduced absorp-
tion peak belonging to P50-y (Fig. 3c). Moreover, to better
understand the absorption decay of these pure and blended
films under thermal annealing, the absorption intensities of 0-0
peaks were normalized. As shown in Fig. 3d-f, the 0-0 absorp-
tion peaks belonging to PBDB-T showed a sharp decrease to
~58% after 80 °C annealing for 150 hours in both pure and
blend films, indicating that the PBDB-T film is thermodynami-
cally unstable. On the other hand, the 0-0 absorption peaks of

This journal is © The Royal Society of Chemistry 2023

b The average parameters were calculated from over 10 devices.

P50-y displayed very small decays of 16.7% in pure film
and 10.9% in blend film, suggesting the molecular stacking of
P50-y is more robust in thermodynamics with better molecular
ordering. The above results imply that PD dominates the
thermal-disaggregation processes of PSMA-based efficient PSCs
in this work.

To explore the effect of the active layer morphology with
different annealing times at 80 °C on device performance, atomic
force microscopy (AFM) images were measured (Fig. 4). The
PBDB-T neat film and annealed film at 80 °C for 150 hours
showed a relatively smooth and homogeneous surface, while the
annealed film had a slightly decreased root-mean-square (RMS)
roughness from 0.71 to 0.69 nm (Fig. 4a—d). Compared to PBDB-
T, the P50-y fresh and annealed neat films showed rough
surface morphologies (Fig. 4e-h) with higher RMS values of
3.40-3.68 nm, implying a solid aggregation behavior. On the
other hand, unlike the neat films, the PBDB-T:P50-y blends with
an RMS of 1.20-1.45 nm formed a network-like structure of

J. Mater. Chem. C, 2023, 11, 750-758 | 753
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protofibrils (Fig. 4i-1). Moreover, the suitable phase separation
of active layers indicates good miscibility between PBDB-T and
P50-y, which facilitates the exciton dissociation and charge
transport. Overall, both neat and blend films show decreased
RMS values after thermal annealing, implying diminished

754

| J Mater. Chem. C, 2023, 11, 750-758

Phase

400.0 nm

Phase

(e-h) for P50-y; and (i-l) for PBDB-T:P50-y,

aggregation or microstructure evolution, which is consistent
with the absorption of fresh/annealed active layers (Fig. 3). In
addition, the minor change in the phase separation after
thermal annealing can partly explain the slightly decreased high
Jse in the devices with different storage times at 80 °C.

This journal is © The Royal Society of Chemistry 2023
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GIWAXS measurements were carried out to understand in-
depth the effect of the molecular stacking and crystallization
characteristics of blend films on device performance to reveal
further the reasons for the PCE degradation of PSMA-based
PSCs under thermal stress shown in Fig. 5. Similar to the PBDB-T
and P50-y pure films, PBDB-T:P50-y blend films showed a pre-
dominant face-on orientation. Specifically, for the (100) diffraction
peaks in the IP direction, four blend films with different annealing
times had a similar peak position located at 0.318 A~" (corre-
sponds to the same d-spacing of 1.97 nm) with an almost identical
CCL of ~9.5 nm. For the (010) diffraction peaks in the OOP
direction, four blend films also showed a similar peak position of
1.769 A™' (corresponding to the same n-7 stacking spacing of
0.36 nm), while the CCLs decreased from 1.52 to 1.44 nm with
continuous annealing. The similar molecular orientation, packing,
and crystallinity of blend films with different annealing times are
consistent with the AFM results, which can further explain why the
Jse of PSMA-based PSCs remains at a high level under continuous
thermal annealing.

Notably, PBDB-T (0.687 A™") and P50-y (0.410 A™?) in blend
films have their distinctive characteristic diffraction peaks in
the IP direction (Fig. S10 (ESIt) and Fig. 5e). Therefore, the
corresponding CCL values of the two peaks from blend films
with different annealing times could be calculated to study
further the specific roles of PBDB-T and P50-y in the micro-
structure evolution of the active layers under thermal stress. As
shown in Fig. 5f, with the increase in annealing time from 0 to
150 hours, the blend film showed a lower acceptor phase which
dropped to 88.6% of its original CCL value of the diffraction
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peak at 0.410 A*. However, the donor phase featured by the
diffraction peak at 0.687 A™* significantly decreased to 71.5%,
directly affecting the hole mobility, and resulting in an unba-
lanced charge-transporting property. The above results are
consistent with the SCLC measurements and can explain the
sharp decrease of FF in the annealed PSMA-based PSCs.

To investigate the morphology evolution of the PBDB-T:P50-y
film in the vertical direction after thermal annealing, film-depth-
dependent light absorption spectrometry (FLAS) was performed to
understand the composition distribution and optical/electronic
properties along the film-depth direction.**® Fig. 6a and e show
the absorption spectra at different depths of the fresh and
annealed film, respectively. In the fresh film (Fig. 6a), the max-
imum absorption peaks of PD and PSMA showed a red-shift
absorption spectrum of ~6 nm and ~ 10 nm from top to bottom,
respectively, indicating the well-ordered structures of PD and
PSMA in the vertical direction. After thermal annealing treatment
for 150 h, the PSMA showed a red-shift absorption spectrum of
~7 nm. The absorption intensity of PD decreased significantly,
indicating a significant disaggregation process in the donor phase,
consistent with the film absorption and GIWAXS results. The
composition distribution in the fresh and annealed film is shown
in Fig. 6b and f, where the depths of 0 and 100 nm represent the
PEDOT:PSS/active-layer and active-layer/PFN-Br interfaces, respec-
tively. In the fresh film (Fig. 6b), we observed a well-balanced
mixture phase along the vertical direction, which benefits the
efficient charge dissociation and transport.'® Although the mixed
phase was observed at 10-75 nm in the annealed film (Fig. 6f),
a higher composition ratio of PSMA of over 50% was observed at
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Fig. 5 (a—d) 2D GIWAXS patterns of blend films with different annealing times of 0, 10, 48, and 150 hours. (e) Line-cut profiles of IP and OOP directions.
(f) CCL values from (100) diffraction peaks in the IP direction of the donor (PBDB-T) and acceptor (P50-v) phases of blend films with different annealing

times.
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Fig. 6 Film-depth-dependent absorption spectra of (a) fresh and (e) annealed blend films. The compositional distribution as a function of film depth for
(b) fresh (f) annealed blend films. (c and g) Simulated exciton generation contours as a function of film depth. (d and h) Exciton generation rate G profiles
simulated from film-depth-dependent absorption spectra with an optical transfer matrix model.

10-75 nm relative to PD, indicating that the disaggregation process
occurred in the PD phase. Besides, an unbalanced distribution of
PSMA and PD was observed near the depths of 0 nm and 100 nm,
which probably prevents the charge transport and collection.

In addition, we simulated the exciton generation as a function
of film depth for both blend films by combining the depth-
dependent spectra with an optical transfer matrix model.>*
Fig. 6¢c and g show the exciton generation contour of the fresh
and annealed film derived from the harvested solar energy within
the ITO/PEDOT: PSS/active layer/PFN-Br/Al device, where the inci-
dent light comes from the ITO/PEDOT: PSS side. The exciton
generation in the fresh and annealed films was mainly distributed
in the bottom half of the active layer. Meanwhile, a weaker density
of excitons was observed in the annealed film relative to the fresh
film at 400-900 nm, indicating a significant attenuation in the PD
phase. Moreover, the curves of the exciton generation rate (G) for
both devices are shown in Fig. 6d and h, as simulated from the
film-depth-dependent absorption spectra of the active layer upon

A
G = j;ggo%Qdi, where / is the wavelength, % is Planck’s constant,

and c is the speed of light. The G,.x in both blend films is about
18 nm * s, and the G value of the fresh active layer drops slowly
to 14 nm* s at 70-100 nm. Comparatively, the annealed film
presents a more significant drop of G value to ~10 nm > s %,
indicating that the disaggregated PD caused the change of the
partially mixed phase. Furthermore, the reduced G value in the
annealed film may facilitate an imbalance in charge transport,

which echoes the SCLC and FF results.

3. Conclusion

A near-infrared absorbing PSMA named P50-y was developed
via a random ternary copolymerization strategy of combining

756 | J Mater. Chem. C, 2023, 11, 750-758

two different SMA precursors with the BPT-core and BPTz-core.
The fundamental studies showed that P50-y has strong NIR
absorption, suitable energy levels, high electron mobility, strong
crystallinity, and excellent thermal stability. When paired with
PBDB-T, PSMA-based PSCs achieved a high PCE of 15.1%, and
after storage at 80 °C for 150 hours, PSMA-based PSCs maintained
~80% of the initial PCE, in which the J,. was slightly decreased
and FF was obviously reduced. Systematic studies indicate that the
PCE decay is mainly attributed to the burn-in disaggregation of
PBDB-T, which is supported by absorption spectra, charge trans-
ports, and crystalline morphology of annealed active layer. As a
result, in this study, we not only developed a high-performance
PSMA called P50-y to achieve efficient and stable PSMA-based
PSCs but also revealed for the first time that PD dominates the
thermal-disaggregation process of PSMA-based PSCs.
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