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Insulator Polymer Matrix Construction on
All-Small-Molecule Photoactive Blend Towards Extrapolated

15000 Hour Ty, Stable Devices

Ruijie Ma,* Xinyu Jiang, Top Archie Dela Pefia, Wei Gao, Jiaying Wu, Mingjie L

Stephan V. Roth, Peter Miiller-Buschbaum, and Gang Li*

To boost the stability of all-small-molecule (ASM) organic photovoltaic (OPV)
blends, an insulator polymer called styrene-ethylene-butylene-styrene (SEBS)
as morphology stabilizer is applied into the host system of small molecules
BM-CIEH:BO-4Cl. Minor addition of SEBS (1 mg/ml in host solution) provides
a significantly enhanced Ty, value of 15000 hours (extrapolated), surpassing
doping-free (0 mg/ml) and heavy doping (10 mg/ml) counterparts (900 hours,
30 hours). The material reproducibility and cost-effectiveness of the active
layer will not be affected by this industrially available polymer, where the
power conversion efficiency (PCE) can be well maintained at 15.02%, which is
still a decent value for non-halogen solvent-treated ASM OPV. Morphological
and photophysical characterizations clearly demonstrate SEBS’s pivotal effect
on suppressing the degradation of donor molecules and blend film’s
crystallization/aggregation reorganization, which protects the exciton
dynamics effectively. This work pays meaningful attention to the ASM system
stability, performs a smart strategy to suppress the film morphology
degradation, and releases a comprehensive understanding of the mechanism

1. Introduction

Developing new energy generation tech-
nologies is of fundamental importance to
have carbon neutrality realized. Organic
photovoltaic (OPV) devices are among the
most promising candidates, due to their un-
replaceable advantages of lightweight and
semi-transparent.'"1] OPVs based on poly-
mers as photoactive materials constantly
suffer from batch-to-batch differences of
the conjugated polymers, which seriously
decrease the reproducibility and increases
the fabrication costs.l'*2] Hence, develop-
ing solar cells based on all-small-molecule
(ASM) active layers is a rational way to
realize both, efficient and cost-effective
OPVs.[21-3% However, ASM systems gen-
erally demonstrate poorer operational
stability than their polymer-counterparts,

of device performance reduction.

because of a more fragile molecular
packing and aggregation.’!l Hence,
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promoting the ASM blend stability is of great significance
to the field development.

As a direct comparison, polymer donors and acceptors (PD
and PA) with higher glass transition temperatures (Ig) and in-
terconnected networks in films demonstrate superior morphol-
ogy stability compared to those of small molecule donors and
acceptors (SMD and SMA).32-3¢] Thereby, endowing ASM active
layer polymer-like morphological features is a practical way to re-
alize an improved device stability. For instance, Wei and cowork-
ers realized applying PA into the ASM system to boost the ef-
ficiency and stability.’”8] The disadvantage of this strategy is
incorporating PA or PD with synthetic difficulties and batch-to-
batch performance variations would undermine the significance
of developing ASM systems. On the other hand, industrially
produced insulator polymers like polystyrene (PS) and styrene-
ethylene-butylene-styrene (SEBS), were noticed by researchers.
They were applied to PD:SMA systems to promote their mechan-
ical stability, thickness tolerance, as well as power conversion effi-
ciency (PCE).3**I Notably, insulating polymers such as SEBS are
widely available through commercial products with cheap prices,
and high production reproducibility. Thereby, exploiting the po-
tential morphology stabilizing effect of these insulators in ASM
based active layers will be an ideal way to address the stability
enhancement and reproducibility protection.

In the present study, SEBS is chosen to be incorporated into
a green solvent processable ASM system called BM-CIEH:BO-
4CL!1*] The addition of SEBS generally reduces the PCE from
15.72% to 15.01% (1 mg/ml), 14.84% (2 mg/ml), 13.51%
(5 mg/ml), and 5.62% (10 mg/ml). The initial efficiency drop
is due to the loss from short-circuit current density (Jsc) and
fill factor (FF), which is consistent with former research on in-
sulator doping topics.***’] For low-concentration SEBS doping
(1 mg/ml and 2 mg/ml), the efficiency reduction is marginal,
where [ loss is significant, but FF varies little, and open-circuit
voltage (V) becomes even higher due to a blue-shifted photon
response of the devices. For higher SEBS content, the loss of
FF and ] are highly recognizable, which is suggested to be the
results of pure SEBS agglomerates showing up. Subsequently,
the device stabilities of doping-free (0 mg/ml), minor doping
(1 mg/ml), and strong doping (10 mg/ml) under maximal power
point (MPP) tracking mode are investigated. The simple ASM
device and 10 mg/ml SEBS doped one display continuous PCE
losses in the whole MPP tracking, while minor SEBS (1 mg/ml)
treated ASM OPV demonstrates a stabilized energy output after
the burn-in loss. The calculated estimation of the optimal device
lifetime Tg, (the time at which the PCE of the solar cell has
reached 80% of its original value) value is 15000 hours. This
is a decent performance progress for ASM systems, which is
comparable to those realized by PD:PA/giant molecule acceptor
(GMA) combinations.?>#8-53] The morphological analyses reveal
that 1 mg/ml SEBS doping in solution leads to stabilized z-x
stacking and phase separation states, so better-kept charge
generation and transport tunnels. Moreover, photophysical
testing suggest that SEBS containing active layers demonstrate
a more stable singleton decay and polaron generation/extinction
kinetics. The poor stability in the control system is driven by
BM-CIEH’s (SMD) crystallization evolution and aggregation
relaxation. For 10 mg/ml SEBS doped blend films, large insu-
lating agglomerates, poor dielectric coefficient, and destroyed
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Table 1. Photovoltaic performance of BM-CIEH:BO-4Cl blend based ASM
devices.

SEBS content Voc IV] Jsc [mA FF[%] PCE [%]
cm™?

0 mg/ml 0.856 24.75/24.12 74.2 15.72

1 mg/ml 0.859 23.55/22.93 742 15.01

2 mg/ml 0.865 23.67/23.27 72.5 14.84

5 mg/ml 0.861 22.57/22.11 69.5 13.51

10 mg/ml 0.858 13.81/13.68 47.4 5.62

contact between active layer and charge transport layer are taken
as rational explanations on the poorest efficiency and stability.
Our study reports an effective way to improve the stability of
ASM systems without sacrificing its material reproducibility
or cost effectiveness, and presents in-depth morphological and
photophysical understandings for active layer’s photoinduced
degradation.

2. Results and Discussion

Here, the ASM system chosen as a reported green solvent pro-
cessable SMD:SMA pair is BM-CIEH:BO-4Cl, which chemical
structures are shown in Figure 1a, together with that of SEBS.
While BM-CIEH was synthesized in former work, and BO-4Cl
is bought from a supplier, the source of SEBS is demonstrated
by Figure S1: A large-scale produced by a company. The pro-
posed morphology changes introduced by SEBS incorporation
are sketched in Figure 1b. The SMD:SMA molecular packing and
phase distribution was revealed before.l*] It was concluded to be
a strongly crystalline and aggregated donor-acceptor interpene-
trating network. The role of SEBS in the treated films can be
divided into two aspects: (i) The chain relaxation leads to a fib-
rillar polymeric structure located at an amorphous region, which
is beneficial to suppressing undesired molecule diffusion, thus
stabilizing the morphology; (ii) self-entangled polymer formed
agglomerates that may on the one hand be resistive to external
stress led morphology degradation, and on the other hand neg-
atively affect original charge generation and transport between
donor and acceptor phases.

Subsequently, the devices based on the BM-CIEH:BO-4Cl
(ASM) system processed with different concentrations of SEBS
are fabricated to evaluate the performance variation with a con-
ventional device structure of ITO/PEDOT:PSS/active layer/PFN-
Br/Ag.’*]l Figure 1c shows the current density versus voltage
(J-V) characteristics. Related parameters are extracted and sum-
marized in Table 1. It is recognizable that SEBS incorporation
at a low concentration does not destroy the PV performance, al-
though it is a high molecular weight insulator polymer. The ef-
ficiency drop is driven by a reduced [ and FF, while the V.
values of SEBS treated devices are all higher than the control.
Accordingly, the 1 mg/ml SEBS doped system exhibits a 15.01%
PCE, slightly lower than the reference binary solar cells (15.72%),
which stands for a state-of-the-art level of green solvent pro-
cessed ASM OPV still. When the concentration of SEBS comes to
10 mg/ml in THF solution, PCE suffers a great loss due to dras-
tically reduced Js. and FF values. Hence, there are three kinds
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Figure 1. a) Chemical structure of BM-CIEH, BO-4Cl, and SEBS. b) Schematic diagrams of the morphology upon adding SEBS. c) J-V characteristics of
BM-CIEH:BO-4Cl based solar cells with different SEBS concentrations. d) EQE spectra of related devices. ) MPP tracking curves of studied devices.
f) Summary of recent progress on OSC device efficiencies and stabilities for PD:SMA, PD:PA/GMA, and SMD:SMA types of systems. g) Thermal stability
of BM-CIEH:BO-4Cl:SEBS photovoltaic blends. h) Schematic diagram of morphology evolution under light and thermal treatments.

of active layers in this work: doping-free, low-degree doping, and
high-degree doping. The external quantum efficiency (EQE) mea-
surements are simultaneously carried out to assure the efficiency
accuracy. The acquired spectra and integrated current density val-
ues are displayed in Figure 1d and Table 1, respectively. The re-
sults suggest that measurement errors of this study are controlled
within 3%.

Next, the device stability of doping-free, low-degree doping,
and high-degree doping systems (0 mg/ml SEBS, 1 mg/ml SEBS,
10 mg/ml SEBS) is investigated by maximal power point (MPP)
tracking upon corresponding glass encapsulated devices, un-
der one sun (simulated), room temperature (~25 °C), and 60%
relative humidity conditions.>*] The recorded PCE versus time
curves are plotted in Figure le. Both control and low-degree dop-
ing cells demonstrate acceptable operational devices. However,
the Tg, value of 1 mg/ml SEBS treated devices is much larger
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than that of the control. On the other hand, devices made from
the 10 mg/ml SEBS doped system display poor stability, due to a
nearly linear performance drop. These results indicate that low-
degree doping can significantly prolong the device lifetime with-
out sacrificing too much initial PCE, while high-degree doping
only leads to poor efficiency and low stability. Moreover, during
the MPP tracking period, the optimal device efficiency has not
degraded to the level of less than 80% of initial value. Thus, an
extrapolated Ty, value of 15000 hours is calculated, which is a
decent lifetime in OPVs, especially for those based on ASM sys-
tems. To better show the significance and compare with other
OPV works, an efficiency-stability summary graph is comprised
as Figure 1f, generated by the data source given in Table S1.
As shown here, the comprehensive performance of 1 mg/ml
SEBS doped BM-CIEH:BO-4Cl system is comparable to what
was achieved by PD:PA and PD:GMA blends. Considering the
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Figure 2. a) 2D GIWAXS data, b) UV-vis absorption spectra, c) 2D GISAXS data, and d) IP intensity line-cuts & fits of fresh and degraded BM-CIEH neat

films.

synthetic reproducibility, our solar cell would be even more com-
petitive. Meanwhile, the scalability of SEBS production up to kilo-
gram or ton’s scale guarantee the system won’t suffer polymer’s
batch to batch performance variation.

In addition, the thermal stability of the devices is also evalu-
ated by placing them on a 100 °C hotplate in a nitrogen atmo-
sphere. The results summarized by Figure 1g imply that SEBS
incorporation brings no significant stability enhancement or re-
duction for the control ASM system. This finding might be due to
several factors: (i) the p-i-n device architecture with PEDOT:PSS
and PFN-Br cannot produce thermally tolerant charge transport
layers; (ii) ASM systems without nanofibrillar network and of low
Tg value cannot endure serious thermal stress; (iii) the morphol-
ogy evolution of donor-acceptor phases, as well as the aggregation
behavior of SEBS in film driven by sunlight illumination and an-
nealing is supposed to be different, as indicated by Figure 1h,
where SEBS’s chain relaxation or induced agglomeration may
not be helpful to maintaining the device efficiency under thermal
stress compared to light soaking condition. Thereby, the follow-
ing morphology and device physics investigations focus on ASM
active layer’s photodegradation.

To comprehensively evaluate the morphology changes caused
by illumination, fresh and photo-degraded (for 200 hours) sam-
ples of neat and blend films are all screened by different char-
acterization techniques, including grazing incidence wide-angle
X-ray scattering (GIWAXS), grazing incidence small-angle X-
ray scattering (GISAXS), and ultraviolet-visible (UV-vis) absorp-
tion spectroscopy. These investigations provide a complete illus-
tration of the active layer crystallization behavior and aggrega-
tion state evolution.’%2] As demonstrated by Figure 2a, the 2D

Adv. Mater. 2024, 36, 2405005 2405005 (4 of 9)

GIWAXS data of neat SMD films in fresh and degraded states,
directly indicate that light soaking leads to enhanced in-plane
(IP) lamellar and out-of-plane (OOP) z—rx stacking signals, ac-
cording to Figure S2 and extracted parameters in Tables S2 and
S3. It can be then inferred that BM-CIEH neat film crystallinity
is enhanced after light degradation, whereas its 7—x stacking is
loosened. Next, the light absorbing ability (characteristic) is inves-
tigated through UV-vis spectra of fresh and degraded samples.
Figure 2b obviously shows that degraded SMD has no signifi-
cant H-aggregation correlated absorption peaks.[*®) This optical
degradation is empirically negative to keep the initial device per-
formance. On the other hand, increased crystallinity and reduced
light harvesting ability imply that in the aged film, aggregation
mode and phase length scale shall be altered significantly. Hence,
further analysis based on GISAXS is carried out, as presented in
Figure 2c,d, that includes 2D patterns and IP directional inten-
sity line-cuts, as well as fits to the data. Corresponding calculated
phase separation parameters are summarized in Table S4. Ac-
cordingly, light soaking induces a significant increase in small-
scale domains compared with the fresh film. This large amount
of small crystalline phases disconnect from each other, thus de-
stroying the initial aggregation motif and fibrillar network.

In addition, the same investigations are applied to BO-4Cl
fresh and degraded neat films. Obtained results are displayed
in Figures S3 and S4, and Tables S2—S4. These results indicate
that the SMA used here has a significantly better photo-stability:
The molecular packing distance (d-spacing), orientation, crys-
talline coherence length (CL), absorption profile, and phase sepa-
ration scale values are rarely changed after degradation. Thereby,
it can be further concluded that the ASM photovoltaic blend
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Figure 3. Blend film morphology investigations: a) UV-vis absorption spectra of fresh and degraded BM-CIEH:BO-4Cl systems with 0 mg/ml, 1 mg/ml,
and 10 mg/ml SEBS concentration in blends. Calculated crystalline parameters for b) IP directional lamellar peaks, c) OOP directional z-r stacking
vice peaks, and d) main peaks. e) Results from GISAXS data analysis, including domain sizes and related intensity values. Bottom axis labels [a] to [e]

represent 0, 1 and 10 mg/ml SEBS fresh & degraded, respectively.

morphology degradation is mainly driven by SMDs changes.
Besides, GIWAXS measurements are also applied to the neat
films of SEBS, which reveals no crystalline structures solely con-
tributed by it (Figure S5).

After figuring out the SMD-originated instability, the SEBS’s
incorporation in blend film-induced morphology change in fresh
and degraded films is assessed by the same series of characteri-
zations. The UV-vis spectra of blend films doped by 0 mg/ml,
1 mg/ml, and 10 mg/ml SEBS are presented in Figure 3a. Con-
sistent with the neat film analyses, light-induced degradation
mainly comes from the SMD, whose characteristic absorption
peaks nearly vanish in binary control film after degradation,
while the general profiles can be maintained in the 1 mg/ml
SEBS treated BM-CIEH:BO-4Cl active layers. As for the 10 mg/ml
SBES introduced system, the fresh film absorption ability is sig-
nificantly reduced, which is supposed to be the result of too much
insulating polymer agglomerates. Its aged film instead, demon-
strates the most insignificant absorption reduction. Accordingly,

Adv. Mater. 2024, 36, 2405005 2405005 (5 of 9)

the morphology stabilization effect of SEBS can be initially
confirmed.

Subsequently, the crystalline features are one-by-one studied,
as presented in Figure 3b-d, for IP’s (100) peaks, IP (100) vice
peaks, and OOP (010) main peaks, respectively. The original 2D
GISAXS data and intensity line-cuts are given as Figures S6-S8.
Beyond d-spacing and CL, the relative intensity is included as
a parameter to assess the change of film crystallinity. From the
data, one can easily realize that light soaking increases the IP
directional lamellar packing’s crystallinity and ordering, indica-
tive of the formation of independent new crystalline phase with
<10 nm size, which is consistent with analyzed results of the
SMD neat film. With 1 mg/ml SEBS addition, the crystallinity
change can be well suppressed, while an acceptable loss of CL
is seen. As for the 10 mg/ml SEBS case, the active layer crys-
tallinity demonstrates a recognizable reduction after illumina-
tion, implying that in this scenario, the crystallization of BM-
CIEH molecules is suppressed by SEBS agglomeration.
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The z—r stacking peaks of the blend films are all supposed
to be mathematically treated as two merged peaks: vice and
main that are due to the SMA’s characteristics. Hence, the vice
peak is also fitted as a supplementary description for the main
peak results. Likewise, the crystallinity and crystalline ordering
change of SEBS-treated films are suppressed. In addition, SEBS
introduction makes the main peak higher than the vice peak,
which could be the result of BO-4Cl’s crystallization behavior
alterations.

For further understanding of the inner film morphology,
GISAXS measurements are conducted on blend films, as shown
in Figure S9. Horizontal line cuts of the 2D GISAXS data at the
Yoneda region and the corresponding fits performed based on a
DWBA and EIA model (assuming three cylinder-type substruc-
tures: large, medium, and small domain sizes). The analyzed re-
sults are summarized in Figure 3e and Table S4. Similar to the
BM-CIEH’s neat films light-induced morphology changes, the
degraded binary control system exhibits an intensity increase of
the small domain signal, which implies a less continuous net-
work characteristic. For 1 mg/ml SEBS-included systems, an in-
significant phase separation behavior variation is found between
the fresh and degraded films. In addition, the large amount of
SBES (10 mg/ml) treated blend realizes a domain distribution
with a clearer small-size signal. After the illumination, we can
easily see the enlargement of the domain size and the intensity
for the large-scale phases. Such experimental results suggest that
a high concentration insulator polymer doping leads to a small
molecule phase separation suppression. Moreover, light soaking
further enhances the SEBS agglomeration. Overall, a stabilized
morphology is realized for the ASM photoactive blend by adding
1 mg/ml SEBS.

We may notice that the 10 mg/ml SEBS treated active layer
crystallization and phase separation behavior is also well main-
tained, however, the corresponding device has the poorest stabil-
ity. This observation might be explained by a strongly reduced
dielectric constant of the active layer at high-concentration SEBS
addition. Alongside the MPP tracking, SEBS agglomerates could
concentrate at the surface or bottom of the active layer. As a re-
sult, the conductivity of the device shall be much poorer than a
normal photodiode requires.

Subsequently, the exciton splitting and charge recombination
kinetics of fresh and aged films with or without SEBS treatment
is explored by femto-second transient absorption spectroscopy
(fs-TAS) experiments.[®>%5] The SEBS doping effect on fresh de-
vice carrier kinetics is firstly evaluated by polaron generation and
sub-ns recombination, as plotted in Figure 4a. The correspond-
ing spectral line cuts and 2D pseudo contour maps are presented
in Figure S10. The active layer of 1 mg/ml SEBS demonstrates
almost identical recombination dynamics to the binary control,
while the 10 mg/ml SEBS system exhibits significantly acceler-
ated charge recombination, well consistent with the FF chang-
ing tendency. The addition of SEBS induces a faster polaron
generation driven by a faster singlet exciton decay as shown by
Figure 4b. In combination with the device parameter variation,
the singlet exciton decay speeding up at higher SEBS concentra-
tion contributes to more severe geminate recombination losses,
as most observable from the 10 mg/ml SEBS doped active layer.
These characteristics are all supportive to the fresh device perfor-
mance variations.[6+6]
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Next, the comparison of fresh and degraded films on charge
carrier dynamics is carried out, too. Based on raw data presented
in Figure S11, Figure 4c again confirms that the degraded part of
the ASM photoactive blend is mainly contributed by BM-CIEH
(SMD): The ground state bleaching (GSB) peak of SMD is signif-
icantly blue-shifted after the light degradation, and its singlet ex-
citon lifetime is decreased, which has just been confirmed detri-
mental by inducing more pronounced mono-molecular (gemi-
nate) recombination. On the contrary, BO-4Cl (SMA) based neat
films before and after continuous illumination demonstrate no
significant differences in the aspects of GSB peak position and
singleton decay lifetime (Figure S11c). Moreover, the blend films
after degradation are measured and analyzed in Figure S12, and
Figure 4d—f. Herein, the blue-shift of the hole polarons photo-
bleach (PB) peak is also observed in degraded films of 0 mg/ml
and 10 mg/ml SEBS compared to their fresh samples, while only
1 mg/ml SEBS contained film has a stabilized PB peak character-
istics after continuous illumination. Thereby, low content SEBS
doping could enable either hole transfer from SMA to the stable
SMD phase, or directly stabilized the SMD molecules. Further-
more, the exciton decay kinetics shown in Figure S12 support
that 1 mg/ml SEBS contained system has the most insignificant
change after degradation, which corresponds to the stabilized
hole transfer process. As the hole transfer process requires suit-
able SMD morphology, this result also indicates 1 mg/ml SEBS
in solution contributes to the film morphology’s stabilization.

In addition, the general applicability of SEBS built insulator
polymer matrix in active layers based on SMD:SMA material
systems towards better stability is confirmed via other two sys-
tems, BTR-CL:BO-4Cl and B1:BO-4CL!7%8] The conclusion that
SMDs are the main degradation factor of active layer morphol-
ogy and device performance is also proven here, as demon-
strated by Figure S13: the normalized absorption profiles show
the fast degradation of BTR-Cl and B1’s characteristic aggrega-
tion induced peaks. Next, the photovoltaic performances includ-
ing fresh device efficiencies and light soaking (1 sun) stability of
control (binary) and 1 mg/ml SEBS included ASM OSCs based
on these two active systems are demonstrated in Figure S14 and
Table S5. The change tendency displayed hereby is similar to
what has been found in BM-CIEH:BO-4Cl system in the main
text.

3. Conclusion

In summary, to maintain the advantage of the ASM system, and
to make up its stability performance, a cost-effective, highly re-
producible, and ultra-stable insulator polymer, called SEBS is in-
troduced into BM-CIEH:BO-4Cl’s precursor based on THF as
solvent. It results in an over 15% PCE for green solvent pro-
cessed ASM OPV devices, and a decent MPP device T, life-
time of ~15000 hours under 1 sun continuous illumination. Via
a series of morphological and photophysical investigations on
the fresh and degraded neat and blend films, the degradation
motivation is revealed to be SMD material’'s unfavorable evolu-
tion of forming smaller scale crystalline domains, and destroy-
ing the D/A network. The incorporation of SEBS with a low con-
tent effectively suppresses this kind of undesirable morphology
degradation and finally achieve satisfying device operational sta-
bility for ASM system, which contributes to the pursuit of carbon
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Figure 4. a) Polaron dynamics of fresh blend active layers with different SEBS concentration doping. b) Singlet exciton decay kinetics of blend fresh
films with 0 mg/ml, 1 mg/ml, and 10 mg/ml SEBS. c) Comparison of fresh and degraded SMD film’s singlet exciton decay kinetics. The selected probe
wavelengths between fresh (650 nm) and degraded (580 nm) samples are different due to the absorption spectral peak changes upon degradation of
BM-CI-EH. TAS representative spectra of degraded ASM films with d) 0 mg/ml SEBS, e) 1 mg/ml SEBS, and f) 10 mg/ml SEBS. TAS measurements
were performed using 800 nm pump wavelength at 5 pj/cm? fluence. In the Tas spectral assignments, BO-4Cl* GSB corresponds to the ground state
bleaching (GSB) of BO-4Cl singlet excitons, BO-4Cl* PIA corresponds to the photo-induced absorption (PIA) of BO-4Cl singlet excitons, and BM-CTEH*

corresponds to the BM-C1EH hole polarons photobleach (PB).

neutrality[*®7%) Furthermore, in foreseeable future researches,
some fluorine/chlorine functionalized insulating polymers can
be utilized in similar scenarios, too, as their possibility on boost-
ing device efficiency and stability simultaneously. This work not
only presents an effective stability promotion strategy and a de-
cent result but also demonstrates a systematic study and an in-
depth understanding of active layer morphology change.
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Supporting Information is available from the Wiley Online Library or from
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