¥ ® ROYAL SOCIETY

Journal of
PP OF CHEMISTRY

Materials Chemistry C

View Article Online

View Journal | View Issue

Realizing the efficiency-stability balance for

".) Check for updates‘
all-polymer photovoltaic blendsf

Cite this: J. Mater. Chem. C, 2022,

10,9723 *3¢ Xiaodong Shen,® Tongzhou Li,”

€ Tao Liu @ *° and Bingsuo Zou

Shangfei Yao,?® Tao Yang,
Bingzhang Huang,*® Heng Liu,® Xinhui Lu, *b

Although the power conversion efficiency (PCE) of organic solar cells (OSCs) has been increased to over
19% under 1 sun illumination, stability is still a shortcoming which impedes commercialization; this has
motivated researchers to pay more attention to this issue. Herein we report two types of all-polymer
blends: a traditional donor—acceptor pair of PM6:PY-IT; and a one-pot synthesized, multicomponent
example called PM6-b-PY-IT, and these exhibit different performance changes under external stress.
The PM6-b-PY-IT device has a PCE of 13.63% which is lower than that of 15.24% for PM6:PY-IT, but it
has better operational stability under continuous illumination and better thermostability, thereby realizing
greater power output over a period of one month. Morphology characterization and thermal
degradation process studies reveal that the PM6-b-PY-IT system can overcome stress, probably due to
the existence of chemical bonding between the donor and acceptor phase/block, which enables stable
phase separation, while excessive phase segregation in the binary all-polymer blend seriously
undermines the device performance. This work provides a novel way of achieving high stability OSCs
derived from a well-established all-polymer blend, which hopefully will enhance the marketing
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Introduction

In the past few decades, it had been hoped that organic solar
cells (OSCs), would take the leading position of a new generation
of photovoltaic (PV) products in the international sustainable
energy market, because of their advantages including light-
weight, color tunability, low toxicity, solution processability,
and so on."”"> However, even though the record power conver-
sion efficiency (PCE) has been pushed to a high level for both
single-junction and tandem devices by researchers, its stability
still causes the ‘“‘short board effect”, reducing users’ confidence
in this technology’s commercialization prospects.'*° Therefore,
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prospects for this photovoltaic technology.

the urgent issue to be solved, is the stability, or achieving the
performance-stability balance for OSCs.

One promising way to gain high stability for OSCs is to
develop an all-polymer photo-active system, to overcome the
disadvantages of small molecular acceptors. Traditional perylene
diimide (PDI) and naphthalene diimide (NDI) type polymer
acceptors enabled devices give excellent stability but have infer-
ior PCEs (<9%).>'"*® In recent years, the new types of polymer-
ized small molecular acceptors endow the polymer-polymer
device with a rapid increase in PCE.***® However, this type of
all-polymer blend exhibits a poorer stability due to the low
molecular weight. Accordingly, material designs based on cur-
rent, mature, efficient all-polymer systems aiming to promote
the stability of the morphology should be a meaningful strategy.
Constructing a donor-acceptor connected block copolymer is a
promising method, to achieve this goal, according to recently
reported progress.’®™> Although the precise characterization of
the component in these blends is difficult to realize, their better
device stability is still a significant improvement.

In this work, we report a comparison of PCE and stability
between the standout all-polymer blend PM6:PY-IT, and its
counterpart PM6-b-PY-IT, a one-pot synthesized multicomponent
system which could include: PM6, PY-IT and a co-polymer with
donor and acceptor blocks chemically bonding together.>* As a
result, the device efficiency of a traditional binary system is
15.24%, which was consistent with values found in other
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Fig.1 (a) Chemical structures of the materials used in this work. (b) Normalized UV-vis absorbance spectra of the two systems. (c) The J-V

characteristics of the materials.

reports.”® In contrast, the PCE of the PM6-b-PY-IT blend is 13.63%,
but the short-circuit current density (Jsc) and fill factor (FF) are
lower. Although the initial PCE is lower, the PM6-b-PY-IT based
device stability is better than that of PM6:PY-IT, both operationally
and thermally. Consequently, in a one-month period, PM6-b-PY-IT
can convert more solar energy into electricity than PM6:PY-IT can.
To evaluate the morphology stability differences, we compared
their thermostability and the AFM images of initial and high-
temperature stressed films. It is shown that durability of thermal
stress for PM6-b-PY-IT is much better than that of PM6:PY-IT,
therefore its useful morphology features can maintain the PV
performance well. The overly separated phase in the thermally
degraded film of PM6:PY-IT severely undermines the long-term
stability. This work presents a clear understanding of the
morphology stability produced by one-pot synthesized polymer
blends, and achieves an efficiency-stability balance for the OSC
devices, which should be useful to the whole of the sustainable
energy market field.

Results and discussion

The PM6 and PY-IT used in this work were the same as used in
previous research.”® The synthetic procedures of PM6-h-PY-IT

9724 | J Mater. Chem. C, 2022,10, 9723-9729

are provided in the ESL{ In the measurements of high-
temperature gel permeation chromatography (GPC) using 1,2-
dichlorobenzene as the eluent, the number average molecular
weights (M,,) and dispersity (P) were estimated as 23.8 kDa and
1.85, respectively. As shown in the GPC curves (Fig. S1, ESIt),
PM6-b-PY-IT has only one peak. This result suggests two
possible situations: (i) there is only a single molecular weight
copolymer with PM6 and PY-IT blocks connected or (ii) there is
a block copolymer, with PM6 and PY-IT co-existing in the blend,
with molecular weights that are very similar. The chemical
structures are presented in Fig. 1(a), and a schematic illustra-
tion for the copolymer is shown.

The thermogravimetric analysis (TGA) curves of PM6-b-PY-IT
are shown in Fig. S2a (ESIt), and the decomposition temperature
was found to be 322.7 °C. The absorption profiles of the two
systems are shown in Fig. S2b (ESIf) and Fig. 1(b). Compared
with the binary blend, the absorption coefficient of PM6-b-PY-IT
was significantly lower, suggesting that it has a poorer light
harvesting ability. In addition, the one-pot synthesized material
enabled film has a blue shift and a rather lower acceptor peak,
which suggested there was weaker acceptor aggregation, which
was consistent with the principle that the block copolymer
contains a donor-acceptor phase with limited separation.

This journal is © The Royal Society of Chemistry 2022
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Table 1 Photovoltaic parameters of the devices
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Active layer Voc (V) Jsc (mA em™?) Jeal (MA cm™?) FF (%) PCE (%)
PM6:PY-IT 0.934 (0.934 £ 0.003) 22.60 (22.28 £ 0.31) 22.22 72.2 (72.4 £ 0.9) 15.24 (15.06 £ 0.27)
PMG6-b-PY-IT 0.929 (0.928 & 0.003) 21.51 (21.38 + 0.23) 21.20 68.2 (67.9 & 1.2) 13.63 (13.47 £ 0.24)

The average values and standard deviations were calculated from 20 independent devices.

Then we fabricated devices with the configuration ITO/PED-
OT:PSS/polymers/PDINN/Ag to determine the PCE differences
between the two systems. Consequently, the PCEs for PM6:PY-IT
and PM6-b-PY-IT were 15.24% and 13.63%, respectively. The
corresponding J-V characteristics and parameters are given in
Fig. 1(c) and Table 1. The efficiency drop was due to the
decreased Jsc and FF. The PV performances were then checked
using external quantum efficiency (EQE) as shown in the spectra
in Fig. S3a (ESIt), and the integrated current density values are
given in Table 1. This showed that the efficiency error was strictly
controlled within 2%. Notably, a 13.63% PCE was also one
of the best values for one-pot synthesized polymer materials,
when compared with other materials reported in the literature
(Table S1, ESIt).

Subsequently, the device physics of the two systems was
studied. Fig. S3b (ESIt) presents the charge separation and
extraction properties of the devices examined in this work,
which were studied by plotting the dependence of the photo-
current density (J,n) vs. effective voltage (Veg).”* The charge
generation of PM6-b-PY-IT and its collection probabilities were
lower than that of the PM6:PY-IT blend (90.8% < 91.9%; 73.5%
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< 79.3%, respectively), which was consistent with the Jgc and
FF comparison. Moreover, the recombination investigation was
enabled by the relationship between Vo vs. In(Pjign) and Ig(Jsc)
vs. 1g(Piigne), where Pjgp, is the light intensity.>>*® From the
plots in Fig. S3c (ESIT) and Fig. 3(d), the fitted S (bimolecular
recombination index) and »n (ideal factor) values were 0.97 and
1.13 for PM6:PY-IT, and 0.93 and 1.20 for PM6-b-PY-IT, respec-
tively. These results indicated that the PM6-b-PY-IT-based
devices suffer higher levels of trap-assisted bimolecular
recombination, which might be caused by insufficient phase
separation and poor bi-continuity because of the alternately
connected blocks.

In addition, the mobilities were assessed using the space
charge limited current (SCLC) method.”” The J-V curves of
hole-only and electron-only devices are shown in Fig. S4 (ESIf).
The PM6:PY-IT system achieved the hole and electron mobilities
(un and p.) of 9.02 x 10* and 5.48 x 107 * ecm?® V' ' s},
respectively, with a pn/te ratio of 1.646, meanwhile the PM6-b-
PY-IT-based system showed smaller y;, and p. values of 8.18 x
107" and 4.67 x 107" cm”® V' 577, respectively, with a higher
Un/e ratio of 1.752. The block copolymer containing film had a
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Fig. 2 The 2D-GIWAXS patterns of (a) PM6:PY-IT and (b) PM6-b-PY-IT. Intensity profiles based on the (c) OOP and (d) IP directional diffraction signals.

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 (a) Operational stability, and (b) thermostability data.
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Fig. 4 AFM height (top) and phase (bottom) images of the initial state films and their thermally stressed (2 h and 24 h) states for (a) PM6:PY-IT and (b)
PM6-b-PY-IT systems.
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lower mobility, which might be caused by two factors: (i) the
donor-acceptor alternatively connected structure, prompts lim-
ited bi-continuity and phase purity, and (ii) the molecular weight
of PM6-b-PY-IT was not so high.

To further confirm this issue a morphology study, using
grazing incidence wide-angle X-ray scattering (GIWAXS)
measurement was undertaken.’®*"®* Fig. 2(a) and (b) show 2D
patterns of the binary PM6:PY-IT, and the PM6-b-PY-IT (one-pot
produced films), whereas the fitted intensity profiles along the
out-of-plane (OOP) and in-plane (IP) directions are shown in
Fig. 2(c) and (d). The n-n stacking peaks from the OOP direc-
tion were located at 1.69 A™* for the binary blend and 1.70 A™*
for block copolymer containing one, and their lamellar diffrac-
tion peaks in the IP direction uniformly located at 0.30 A™*. The
difference of the crystallinities can be observed in the quanti-
tative comparison. The peak areas and crystalline coherence
lengths (CCLs) of the n-m packing showed a decreasing trend
from PM6:PY-IT to PM6-b-PY-IT, in both directions, which was
consistent with previous results relating to the device physics
and the hypothesis.

After evaluating the initial PCE and the underlying mecha-
nism, the device stability, an equally important index for device
performance, was examined. As shown in Fig. 3(a), the glass
encapsulated devices, under 1 sun illumination in an ambient
atmosphere, of both systems were used to investigate the
operational stability. The estimated T80 value of the one pot
synthesized multicomponent system was significantly higher
than that of its binary counterpart (681 h > 416 h). In addition,
the integrated area under the curve of PCE ratio vs time was
13% higher than that of PM6:PY-IT from 0 h to 720 h, and this
indicated that PM6-b-PY-IT converted more solar energy
(ca. 1%, as the initial PCE was 12% lower) in a one-month
period. Practically, this is a pleasant way to determine the
efficiency-stability balance, because the PVs are supposed to

N\

PY-IT PM6

External Stress

Strong Segregation

External Stress

‘Well Maintained
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be able to be used for years once they are commercialized. The
first-month energy conversion amount was improved, suggesting
that more energy would be continuously generated over time.
In addition, we also investigated their thermostabilities, and the
results in Fig. 3(b) show that after 200 h in a N, glovebox baked
at 80 °C, the unencapsulated devices of PM6:PY-IT retained an
initial PCE of 71.3%, whereas the PCE value for PM6-b-PY-IT was
89.8%. These results demonstrated that the one pot synthesis
method was able to produce a more stable polymer-polymer
active layer, than its traditional counterparts. Furthermore, the
calculations also proved that it can achieve a better efficiency-
stability balance for the OSC devices.

To understand the better stability achieved, atomic force
spectroscopy (AFM) tests were applied to screen the morphology
evolution of the two systems from the optimized state to the
thermal stress degraded ones (2 h and 24 h, at 120 °C). The root-
mean-square (RMS) values are marked in Fig. 4 for direct
comparison. It was apparent that the thermally driven surface
roughness enlargement in the PM6:PY-IT-based film outper-
formed that of PM6-b-PY-IT-based one, which might be evidence
of a stronger phase separation induced by such strong external
stress. According to the phase images, PM6:PY-IT exhibited a
morphological feature near the thermodynamic equilibrium
after high temperature processing, whereas the PM6-b-PY-IT film
maintained its initial general phase separation. These phenom-
ena indicated that the existence of chemically bonded donor-
acceptor blocks can resist external stress induced over phase
segregation.

To demonstrate this change, a schematic diagram is also
provided (Fig. 5). Semi-para-crystalline PM6 and PY-IT undergo
continuous phase separation and coarsening when the films
are subjected to an external driving force. This characteristic
makes the device exhibit a lower Jsc due to less donor/acceptor
interface, reduced V¢ because of more serious recombination

M—PY—H

Fig. 5 Schematic diagrams of the morphology evolution of the two systems under external stress.

This journal is © The Royal Society of Chemistry 2022
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loss, and poorer FF caused by inferior first-order recombination.
However, the chemical bond donor and acceptor blocks could
maintain their own crystallization and distribution in the film.
Although there might be independent PM6 and PY-IT phases
which would be affected by external stress, the block copolymer
will reduce such a tendency. Therefore, its morphology stability
might be better than that of the traditional donor/acceptor
binary system.

Conclusions

In summary, the one-pot synthesis of a multicomponent system,
PM6-b-PY-IT, which achieves better efficiency-stability balance
than its mainstream all-polymer blend counterpart, PM6:PY-IT,
is reported. Further characterization studies show that although
it has a poorer initial PCE, because it has less crystallinity and
rational phase separation, its morphological stability benefits
from these disadvantages. This work gives new insight into
developing more stable OSCs with acceptable PCEs.
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