W) Check for updates

This is the Pre-Published Version.

This is the peer reviewed version of the following article: R. Ma, Q. Fan, T. A. Dela Pefia, B. Wu, H. Liu, Q. Wu, Q. Wei, J. Wu, X. Lu, M. Li, W. Ma, G. Li, Unveiling the Morphological and
Physical Mechanism of Burn-in Loss Alleviation by Ternary Matrix Toward Stable and Efficient All-Polymer Solar Cells. Adv. Mater. 2023, 35, 2212275 which has been published in final form at
https://doi.org/10.1002/adma.202212275. This article may be used for non-commercial purposes in accordance with Wiley Terms and Conditions for Use of Self-Archived Versions. This article
may not be enhanced, enriched or otherwise transformed into a derivative work, without express permission from Wiley or by statutory rights under applicable legislation. Copyright notices
must not be removed, obscured or modified. The article must be linked to Wiley’s version of record on Wiley Online Library and any embedding, framing or otherwise making available the
article or pages thereof by third parties from platforms, services and websites other than Wiley Online Library must be prohibited.

Unveiling the Morphological and Physical Mechanism of Burn—-in Loss Alleviation by
Ternary Matrix Towards Stable and Efficient All-Polymer Solar Cells

Ruijie Ma, Qunping Fan*, Top Archie Dela Pefia, Baohua Wu, Heng Liu, Qiang Wu, Qi Wei,
Jiaying Wu, Xinhui Lu, Mingjie Li, Wei Ma*, Gang Li*

Dr. Ruijie Ma, Prof. Gang Li

Department of Electronic and Information Engineering, Research Institute for Smart Energy
(RISE), Guangdong-Hong Kong-Macao (GHM) Joint Laboratory for
Photonic-Thermal-Electrical Energy Materials and Devices, The Hong Kong Polytechnic
University, Hung Hom, Kowloon, Hong Kong, 999077, China

Email: gang.w.li@polyu.edu.hk

Prof. Qunping Fan, Baochua Wu, Dr. Qiang Wu, Prof. Wei Ma

State Key Laboratory for Mechanical Behavior of Materials, Xi’an Jiaotong University,
Xi’an 710049, China

Email: qunping@xjtu.edu.cn; msewma@xjtu.edu.cn

Top Archie Dela Pefia, Dr. Qi Weli, Prof. Mingjie Li

Department of Applied Physics, The Hong Kong Polytechnic University, Hong Kong, China

Heng Liu, Prof. Xinhui Lu

This article has been accepted for publication and undergone full peer review but has not been
through the copyediting, typesetting, pagination and proofreading process, which may lead to
differences between this version and the Version of Record. Please cite this article as doi:_
10.1002/adma.202212275.

This article is protected by copyright. All rights reserved.

85UB01 7 SUOWIOD 8A 81D 8|qedljdde ayy Aq peuenob 8e ssppiie VO ‘88N JO S9N 10} Areiq18Ul|UQ ABJIA UO (SUORIPUOD-PUE-SULBY WD A8 1M A RIq 1 BU1|UD//SANY) SUORIPUOD pUe SWS | 8L} 88S *[£202/20/0T] Uo AriqiTauluo Aj1m ‘Aiseaun Ajod Buo BuoH Aq 5/22Tzz0z ewpe/z00T OT/I0pW0d A8 M Ariq1uljuo//sdny wouy pepeojumoq ‘ef ‘5607 TZST


mailto:gang.w.li@polyu.edu.hk
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadma.202212275&domain=pdf&date_stamp=2023-02-10

Department of Physics, Chinese University of Hong Kong, Hong Kong, New Territories
Hong Kong 999077, China

Top Archie Dela Pefia, Prof. Jiaying Wu

Advanced Materials Thrust, Function Hub, The Hong Kong University of Science and
Technology, Nansha, Guangzhou, Guangdong, China

Abstract

All-polymer solar cells (All-PSCs) are considered the most promising candidate in
achieving both efficient and stable organic photovoltaic devices, yet the field has rarely
presented in-depth understanding of corresponding device stability while efficiency is
continuously boosted via the innovation of polymer acceptors. Herein, we build a ternary
matrix for all-PSCs with optimized morphology, improved film ductility and importantly,
boosted efficiency and better operational stability than its parental binary counterparts, as a
platform to study the underlying mechanism. The target system PQM-CI:PTQ10:PY-IT
(0.8:0.2:1.2) exhibits an alleviated burn-in loss of morphology and efficiency under light
soaking, which supports its promoted device lifetime. The comprehensive characterizations
of fresh and light-soaked active layers lead us to a clear illustration of opposite morphological
and physical degradation direction of PQM-CI and PTQ10, thus resulting in a delicate
balance at the optimal ternary system. Specifically, the enlarging tendency of PQM-CI and
shrinking preference of PTQ10 in terms of phase separation leads to a stable morphology in
their mixing phase; the hole transfer kinetics of PQM-CI:PY-IT host is stabilized by
incorporating PTQZ10. This work succeeds in reaching a deep insight of all-PSC’s stability
promotion by a rational ternary design, which booms the prospect of gaining

high-performance all-PSCs.

Key words: all-polymer solar cells, stability, ternary matrix, burn-in loss reduction,

understanding
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Introduction

All-polymer solar cell (All-PSC) is considered to be the most promising organic
photovoltaic (OPV) technology in practical applications, due to the excellent morphological
stability and mechanical durability, compared with the small molecule composed
counterparts.™> However, the power conversion efficiency (PCE) values of all-PSCs have
suffered a long-term poor performance, due to the insufficient donor-acceptor intermixing
(results in weak free exciton generation) and mediocre crystallization (leads to low charge
transport), until polymerized small-molecule-acceptor (PSMA) is proposed.®° To date, the
rapid development of pushing the efficiency of all-PSCs over 17% demonstrates new vitality

in this research field.**®

Current research mainstream of all-PSCs is to further promote the PCEs as high as those of

small molecule composed counterparts,*”#

and empirically the ternary blend strategy is one
of the most commonly used methods to achieve this goal.”*® Notably, these works also
prefer to claim an enhanced device stability and sometimes better mechanical durability, but
very few works provide in-depth understanding for such improvements.?=! Since the
chemical nature of PSMAS now has altered from those traditional perylene diimide (PDI) and
naphthalene diimide (NDI) based ones to small molecule based ones, the variation of device
stability deserves more insightful investigation, instead of being an attached parameter

reported along with PCE promoted by ternary matrix design.

In term of stability enhancement, one of the most effective ways is to reduce the burn-in
loss of morphology and OPV devices.**** Apart from widely acknowledged mechanism of
trap-assisted recombination increase, the morphology degradation (especially mixing or
de-mixing of donor and acceptor) is found to be an important factor, as well.**%* Since both

evolution behaviors could result in significant burn-in loss, finding a balance point to
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minimize the undesired morphology degradation is supposed to be a good choice. Thereby,
mixing two efficient binary donor-acceptor systems with different phase evolution directions
IS expected to be a rational and practical ternary strategy to obtain efficient and stable OPV
devices. In addition, correlating the device performance, active layer morphology and physics
parameters of all-PSCs is beneficial to understanding the stability variation, but not yet paid

enough attention.

Here, two parental binary all-polymer systems of PQM-CI:PY-IT and PTQ10:PY-IT*"
are selected to construct high-performance ternary blend. The optimal ternary
PQM-CI:PTQ10:PY-IT (0.8:0.2:1.2) blend achieves a champion PCE of 18.45% in all-PSCs
due to the systematically enhanced open-circuit voltage (Voc), short-circuit current density
(Jsc) and fill factor (FF), with the film ductility rises up simultaneously. More importantly,
the optimized ternary all-PSCs obtain significantly enhanced device operation stability under
maximal power point (MPP) tracking, compared with their counterparts of other component
ratios, mainly due to the alleviation of burn-in degradation. On the basis of such variation of
component ratios, the devices with active layers degraded for 10 hours under 1-sun
illumination in N, glovebox are fabricated, and the results further support the burn-in loss
minimization in optimal ternary blend. Morphological characterizations present a well-kept
phase separation in optimal ternary film after strong photo stress, while other systems deviate
from their own initial state. As for crystallinity behavior, the face-on orientation and =
stacking ordering is also best maintained in optimal ternary blend. Considering the
parameters of all other systems, PTQ10’s morphology degradation direction is opposite to
that of PQM-CI, which probably enables a desired balance when the blend ratio is 0.8:0.2:1.2.
Furthermore, photo-physics experiments unveil a charge transfer pathway from PTQ10 to
PQM-CI, which also acts as additional charge generation channel, protected PQM-CI charge
generation features in donor blend, and well-kept hole transfer kinetics in optimal ternary

system after light soaking as a result of opposite variation directions in PQM-CIL:PY-IT and
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PTQL0:PY-IT binary films cancelling each other out. This work clearly presents the meaning
of rational ternary design to increase device stability supported by comprehensive
morphological and physical investigations, boosting the prospect of constructing all-PSCs

with decent performance parameters.

Results and Discussion

Figure la presents the chemical structures of target polymers of PQM-CI, PTQ10, and
PY-IT. Here we assess the energy level landscape of three polymers based on literatures, *4°
where we can learn that PTQ10 has a deeper highest occupied molecular orbital (HOMO)
energy level than PQM-CI, suggesting introducing PTQZ10 as the third could increase Voc.
Subsequently, the normalized ultraviolet-visible (UV-vis) absorption spectra of both neat and
blend films are given in Figure S1. PQM-CI and PTQ10 display complementary absorption
profiles, indicative of more efficient charge generation could be achieved when these two
materials are combined, which would be discussed later. Compared with the donor-only and
acceptor-only absorption profile in Figure Sla, those blend films in Figure S1b show
different peak shapes for PQM-CI and PTQ10 and well-kept peak shapes for PY-IT. These
results imply the aggregation of donor materials will be tuned when blending with PY-IT,
which is to say that PY-IT dominates the competition in film morphology. To be specific, the
height of 0-0 vibrational peak for PQM-CI becomes lower than 0-1 vibrational peak in blend,
although it is higher in the pure film. This phenomenon exists in all PQM-ClI-based blend
film vs donor-only film pairs, so blending these PQM-CI and PY-IT can suppress the
J-aggregation and enhance the H-aggregation of donor, providing additional hole transport

channels along in-plane direction, while the efficient out-of-plane directional electron

transport is guaranteed by the strong J-aggregation of PY-IT.
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Figure 1. (a) Chemical structures of PQM-CI, PTQ10, and PY-IT. (b) J-V characteristics and
(c) the related EQE spectra of all-PSC devices. (d) The strain-stress curves of the blend films
with different material ratios. (e) The MPP tracking results. (f) J-V characteristics and (g) the
related EQE spectra of all-PSC devices based on 10-hour light-soaked burn-in films.

AlI-PSCs with a conventional device architecture of
ITO/PEDOT:PSS/PQM-CI:PTQ10:PY-IT/PFN-Br-MA*/Ag are fabricated to evaluated
photovoltaic performance. The J-V characteristics and corresponding parameters are given in
Figure 1b and Table 1, respectively. The binary PQM-CI:PY-IT devices demonstrate a PCE
of 17.78% with both excellent Jsc (24.17 mA cm™) and FF (77.6%). When introducing
PTQ10 as the third component into PQM-CI:PY-IT host system, the optimized ternary
PQM-CI:PTQ10:PY-IT (0.8:0.2:1.2) device demonstrates an impressive PCE of 18.45% due
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to all the slightly increased Voc, Jsc, and FF. With the continuous increase of PTQ10 content,
the PCEs of devices based on PQM-CI:PTQ10:PY-IT with different weight ratios gradually
decrease to 17.06% for 0.5:0.5:1.2, then to 16.11% for 0.2:0.8:1.2 and 13.69% for 0:1:1.2. To
find out charge generation change brought by PTQ10 introduction, and also to make sure the
reliability of the device results, the external quantum efficiency (EQE) spectra are measured,
as illustrated in Figure 1c. The integrated Jsc values indicate that measurement mismatches
for all devices are less than 3%. The increasing EQE part of optimal ternary device compared
with PQM-ClI-based binary one is located at 450-650 nm, which is supposed to be contributed

by PTQ10. To explain this variation, further discussion will be provided later.

Table 1. Photovoltaic parameters for all-PSCs based on QM-CI:PTQ10:PY-IT with different
weight ratios.

POM-CI:PTQLO:PY-IT  Voc (V) JZ‘;T](_ZT)];A FF (%) PCE (%)"
Fresh
1:0:1.2 0.938 24.17/2354 776  17.78 (17.45£0.22)
0.8:0.2:1.2 0.943 24.80/24.16 789  18.45(18.1240.32)
0.5:0.5:1.2 0.950 23.60/23.08 758  17.06 (16.75£0.25)
0.2:0.8:1.2 0.955 22.86/22.33 738  16.11 (15.76£0.30)
0:1:1.2 0.962 20.21/19.80 704  13.69 (13.38£0.26)
Soaked
1:0:1.2 0.931 23.63/23.08 760  16.72 (16.20+0.53)
0.8:0.2:1.2 0.939 2456/23.80 773 17.85(17.63£0.31)
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0.5:0.5:1.2 0.942 21.71/21.03 72.3 14.78 (14.06+0.61)
0.2:0.8:1.2 0.943 20.73/20.30 70.6 13.80 (13.27+0.42)

0:1:1.2 0.943 17.03/16.32 68.0 10.92 (10.48+0.39)

®EQE integrated Jsc values are listed after the slashes. The brackets contain averages and standard
errors of PCEs based on at least 20 devices.

Then crack-onset-strain (COS) as another important figure-of-merit for all-polymer blend
is evaluated, which represents the film ductility.***" As presented in Figure 1d and Table S1,
the strain-stress curves of all-polymer blends are presented in Figure 2d and their derived
COS and mechanical toughness values are listed in Table S1. It was found that the proper
addition PTQZ10 could significantly boost the ductility of active layers in this work. As for the
underlying reason for the non-monotonic variation of film ductility along PTQ10 content in
active layers, it shall be a complicated coherence of the chemical structure, molecular weight,
crystallinity in film etc. of photovoltaic materials. Both boosted active layer ductility and
improved efficiency synergistically strengthen the value of investigating the optimal ternary

system’s light soaking stability.

Accordingly, the operational stability of encapsulated all-PSCs with different blend ratios
is detected under 1-sun white LED illumination with an automatic MPP tracking.
Corresponding results are portrayed in Figure 1e, where the best stability is observed in 20
wt% PTQ10 possessed ternary device, which is clearly better than its biggest counterpart.
Notably, the device parameters of the optimal system at 2000-hour tracking point are Voc =
0.772 V, Jsc = 22.96 mA cm, FF = 65.6 %, PCE = 11.63 %. As for other blend systems
with much higher PTQ10 content (more than 50%), the stability becomes significantly
poorer, implying PTQ10 is intrinsically instable in film morphologically. Concentrating on

the advantage of optimal ternary device in stability, it mainly relies on the reduced burn-in
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loss at the initial stage, for its slow degradation region is highly similar to that of PQM-CI
binary system. Thereafter, understanding the burn-in loss alleviation by addition PTQ10 with
proper ratio is the essence of this work. Then “burn-in” devices are fabricated based on
ITO/PEDOT:PSS/PQM-CI:PTQ10:PY-IT samples that pre-soaked for 10 hours under 1-sun
illumination in N-filled glovebox, followed by PFN-Br-MA spin coating and Ag electrode
thermal evaporation. The related J-V characteristics and EQE spectra are showed in Figure 1f
and 1g, respectively, while their photovoltaic parameters are summarized in Table 1. It is
consistent that the optimal ternary blend (0.8:0.2:1.2) shows the lowest PCE loss rate of
3.25%, while the PQM-CIL:PY-IT binary devices also has a relatively lower PCE decrease rate
of 5.96% and the other systems with higher PTQZ10 content suffer from great PCE sacrifice
>13%. Through carefully comparing the losses of each photovoltaic parameters, ternary
blend with 20 wt% PTQ10 is helpful in keeping the high Jsc, while the FF maintaining rates
of host and target systems are almost the same. To clearly figure out the burn-in loss
alleviation, both morphological and physical mechanisms, as well as the thermal stability of

all-PSCs with different PTQ10 contents should be carefully investigated.
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Figure 2. GISAXS IP intensity profiles of (a) fresh and soaked blend films. (b) The variation
plots of derived phase separation length scales of fresh and soaked samples. Inserted graph is
to demonstrate the length scale variation of other systems when setting up fresh
PQM-CI:PY-IT as the standard. For fresh blend films: (c) OOP line-cuts and (d) IP line-cuts.
For “burn-in” degraded films: (g) OOP line-cuts and (h) IP line-cuts.
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Then the morphology study begins with the atomic force spectroscopy (AFM) test, that can
provide general information of film surface, and thus a glance of aggregation and possibly
interpenetrating network of materials.*® Based on the AFM height images given in Figure
S2a, all fresh and soaked blend films with smooth surface show similar roughness of
1.20-1.76 nm no matter how the content of PTQ10 varies and whether the light soaking is
applied, while no special interpretation can be persuasively offered. Therefore, more
quantitative and smaller-scale analyses are carried out. The grazing incidence small angle
X-ray scattering (GISAXS) measurements are utilized to have a description of phase
separation behavior change.***° The original patterns are given in Figure S2b-c and
corresponding in-plane (IP) intensity profiles are plotted in Figure 2a. The fitting curves
based on a reported model are also illustrated throughout the data plots.>* Accordingly, length
scales of pure acceptor phase (2Rg) and mixed phase (ypag) are obtained and drawn as a
variation plot along with PTQ10 content ratio for all fresh and soaked active layers in Figure
2b. The inserted figure is to reflect the variation of 2Rg and ypag values of other blend films
compared to fresh PQM-CI:PY-IT binary host system. Empirically, the pure phase takes care
of charge transport and the intermixing region is responsible for charge generation, so a
balanced distribution and separation length scales are vital parameters to judge if the
morphology is favorable to boosting device performance.52 The 2Rg and ypag values of fresh
PQM-CL:PY-IT film are 25 and 18 nm, respectively. Considering its excellent Jsc and FF
values in device, this kind of phase separation can be taken as a standard. Therefore, the
change of these values in optimal ternary system (fresh one) indicates a larger chance of
charge generation, and concurrently better charge transport (2Rg = 26 nm and ypag = 21nm),
which are consistent with promoted Jsc and FF values. For films with higher PTQ10 ratio,
the 2Rg values are uniformly 25 nm, but the ypap values are 26, 36, and 31 nm, with the

increase of PTQ10’s weight ratio. These results imply that the general self-aggregation
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behavior of PY-IT is not affected by tuning the ratio of PMQ-CI:PTQ10 donor materials, so
the morphology determination is possibly dominated by PY-IT’s crystallization induced
phase separation. It is easy understandable from the point of film formation process, where
main solvent CF evaporated soon, resulting in fast precipitation of PQM-CIl and PTQ10,
while PY-IT that is well miscible in 1-chloronaphthalene (1-CN) could take a longer drying
time for crystal growth.”' Here it also demonstrated that the oversized mixed region could be
detrimental to Jsc, as argued by previous works.>**> As for the soaked samples, low PTQ10
ratio contained ones exhibit limited variation for two type length scales, coinciding with their
better device performances after “burn-in” light stress. The optimal ternary film shows almost
no change in intermixing phase size, which could be the reason of its better Jsc maintaining
rate than PQM-CI:PY-IT. Furthermore, the size of intermixing phase goes to a very low level
for all high PTQ10 weight ratio blends. It seems such strict loss is also detrimental to Jsc
values. Interestingly, we prove again that intermixing phase length scale is not wanted to be
too large or too small. Besides, the pure acceptor phase’s size is fluctuating in different
systems, suggesting PY-IT’s phase is stable. The ypap variation tendency exhibited by
PTQI10:PY-IT is opposite to that of PQM-CI (shrinking vs swelling), which might reach a

balance in 20 wt% PTQ10 contained system, and thus well-kept ypas.

Moreover, grazing incidence wide angle X-ray scattering (GIWAXS) technology is used
for probe molecular packing, crystallinity and thus charge transport.”® The 2D patterns of
fresh and soaked active layers are presented in Figure S2d, from which extracted IP and
out-of-plane (OOP) directional line-cuts are displayed in Figure 2c-f. Corresponding fitted
parameters including peak position, d-spacing, and coherence length (CL) values are
summarized in Table S2-3. Combining with UV-vis absorption profile, the transition from
J-aggregation to H-aggregation dominance of donor polymer(s) by blending them with PY-IT
is the result of the strong IP (100) diffraction peak signals for all blend films. Thereby, the

evaluation of CL variation of lamellar peak is an effective way to predict the hole transport
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change in different blend systems combined by the intrinsic hole mobility (un) of PQM-CI
and PTQ10. The “burn-in” light stress results in negligible CL value variation, thereby hole
transport variation shall be minor. The electron transport/mobility (xe) change can be
explained by GISAXS calculated phase length scale and the CL of n-n stacking peak by
GIWAXS. The d-spacing and CL values of blend films before and after light soaking differ
insignificantly, and the phase separation length scales are also stable, so the electron transport
contributed by PY-IT pure domain is supposed to lie on a similar level, too. In view of this, a
series of hole-only and electron-only devices are fabricated to obtain the mobilities according
to space charge limited current (SCLC) method. The J-V curves of all type devices are
illustrated in Figure S3a-c, and the results (un, te and un/ue) are listed in Table S4. The
hypothesis based on GIWAXS analysis is mostly supported, except for PTQ10:PY-IT binary
film, which shows significant reduction of hole transport ability after “burn-in” illumination.
In a horizontal comparison, three polymer materials have high mobilities, but PTQ10-rich
blend films exhibit lower un and g values. These results indicate that PTQ10 in active layer is
strongly suppressed by PY-IT during its crystallization, thereby poor hole transporting ability
for lack of high-quality crystallites. As for optimal ternary system, 20 wt% PTQ10 can be
well distributed over PQM-CI’s crystalline phase, and efficiently assist the hole transporting.
Therefore, the efficiency degradation of PTQ10-based binary solar cells can be partially
(mainly the FF) explained by u, loss, but the change of other systems, especially the Jsc loss
cannot be well understood. This analysis also endorses the non-monotonic COS value
variation observed before. PTQ10 has been previously found sensitive to solvent additive
treatment and thermal annealing in terms of crystallinity and film ductility.”” Posttreatment
free PTQ10 is highly stretchable, while treated counterpart exhibits much poorer
performance, which might be attributed to its simple structure. Herein, when PTQ10 takes
great proportion in blend (50% or more), the film ductility will of course be reduced since 2
vol% 1-CN and 100 °C annealing. For 20 wt% incorporation case, the solvent additive and

annealing mainly affect PQM-CI related crystallites, so PTQ10 could bear a chance of
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playing as a ductility enhancer since low posttreatment stress is applied on it. To further
figure out the degradation mechanism and the improvement of fresh device efficiencies, more
attentions should be paid on charge transfer. Subsequently, correlating the charge transfer and

transport can make a clearer description for generation and recombination dynamics.

Before that, some basic characterizations are implemented for a general information of
device physics. Figure S3d depicts the photocurrent versus effective voltage (Jpn VS Vesr)
curves of fresh devices, with deduced saturated current density, charge dissociation
probability and charge collection efficiency (Jsat, 7diss, #7coll) Values in Table S5. It shows that
all systems contain very efficient charge dissociation, so geminate recombination contributes
negligibly to monomolecular recombination. Fitting from Figure S3e, the ideal factors are
1.12, 1.02, 1.16, 1.25, and 1.26 for the all-PSCs with the increase of PTQ10 content.*®
Meanwhile extracting from Jsc vs light intensity curves in Figure S3f, the S values are 0.976,
0.977, 0.976, 0.972, and 0.971.>° Obviously, bimolecular recombination varies insignificantly
as well. Then we can claim reduced trap-assisted recombination leads to promoted FF in

optimal ternary device.
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Figure 3. fs-TAS spectra presented in term of AT/T: (a) Donor films spectral line cuts at
representative time. (b) Donor films GSB decay kinetics fitting. (c) TAS profile comparison
of PQM-CI, PTQ10, and PY-IT neat films. (d) TAS profile comparison of binary/ternary
films and neat donor films. (¢) The “burn in” light soaking effect on PQM-CI:PTQ10 blend
films and decay Kinetics. (f) TAS profile comparison of degraded binary & ternary films. (g)
Decay kinetics analyses on binary/ternary films in fresh and soaked statuses.

Turning back to the main line, the femtosecond resolved transient absorption spectra

(fs-TAS) for neat films, fresh and soaked donor blend films, fresh and soaked donor-acceptor

blend films are demonstrated. Beginning from studies of the donor polymer films, the

PQM-CI and PTQ10 based neat and blend films are excited by a 400 nm pump laser wherein
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their ground state bleach (GSB) signals are observed with good match to absorption spectra.
Spectral line cuts at various delay times are illustrated in Figure 3a, from which one can see
the GSB features of blend films in between those from pure films, suggesting both donor
materials absorbing light efficiently in blend. 50 ps after excitation, the GSB signals are
largely quenched, owing to S;-Sp recombination, while the blend film exhibits the fastest
decay. This phenomenon can be assigned to charge transfer and additional generation at the
PQM-CI/PTQ10 phase interface, and it could be related to boosted Jsc and FF in optimal
ternary device. The singlet exciton GSB decay analysis in Figure 3b further supports above
discussion, i.e.: 136, 194, and 124 ps are the calculated lifetime for PQM-CI and PTQ10 neat
film and related blend films, respectively. Here the lifetime is equal to the weighted average
values of sum of multi-exponential fitting. Next, we put the PY-IT’s signal excited at 800 nm
together with two donor pure films in Figure 3c, and the related normalized spectra of fresh
binary/ternary blend films are shown in Figure 3d. These cuts are all extracted at 0.5 ps.
Thus, the characteristic coupling of two binary systems was observed in the photo-induced
absorption (P1A) of ternary blends. In binary/ternary films, PIA signals observed of PY-IT is
influenced by the positive hole polaron GSB upon charge transfer from PY-IT: the PIA at
530-600 nm region is reduced in PQM-CI:PY-IT fresh film due to the hole polarons of
PQM-CI; likewise, PIA at 600-640 nm is weakened by PTQ10’s hole polaron in
PTQ10:PY-IT. Hence, there should be multi-pathways for charge generation via hole transfer
that can occur at interface of PY-IT to either of the donors. This is going to enhance charge
generation as evident by the increased hole polarons GSB at 450-530 nm. Upcoming active
layer signal decay analysis is enabled by presenting their profile at specific time in Figure
S4. The hole polaron GSB surpasses the PY-IT’s remained singlet PIA, leading to positive
peak within 560-630 nm for binary and ternary blend films. Notably, only PQM-CI’s hole
polaron GSB feature remains even after 7 ns for optimal ternary film, bringing a hypothesis

that hole polarons tend transporting to PQM-CI prior to extraction. Nevertheless, the
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additional charge transfer pathway observed between PQM-CI and PTQ10 is believed to

reduce the chance of nongeminate recombination.

As for stability mechanism exploitation, the donor-blend film (PQM-CI:PTQ10) is firstly
investigated, as presented in Figure 3e. The 10-hour illuminated blend film’s initial singlet
(0.5ps) GSB resembles more the PQM-CI. Parallelly, its decay time becomes slower (124 ps
to 132 ps) and closer to that of PQM-CI (136 ps). The fitting process is drawn and inserted in
Figure 3e, and the corresponding fitting details are summarized in Table S6. Meanwhile,
Figure 3f presents the initial TAS profile (0.5 ps) of degraded binary and ternary active
layers. The phenomenon of ternary film’s profile turns to be more like PQM-CIL:PY-IT binary
system, which is coincides with the above discovery. Therefore, the charge generation of
PTQ10:PY-IT blend is sought to be substantially reduced after light soaking compared with
the fresh one as indicated by the downshift GSB features in 450-530 nm. In other words,
PTQ10 is relatively unstable, consistent with morphology analysis. The charge generation
after light soaking prefers to migrate to what is held by PQM-CIL:PY-IT system, which is also
efficient. Though PTQZ10 in ternary film seems unstable, but co-existed PQM-CI turns to be
stabler. Hence, “burn-in” active layer based optimal ternary device exhibits the photovoltaic
performance nearly identical to that of fresh PQM-CI:PY-IT system. Furthermore, the spectra
enabled analysis is strengthened by hole transfer kinetics fitting results of active layers, as
visualized in Figure 3g, and summarized in Table S7. For accurate analysis, low-fluence
excitation (< 3 uJ em™) is used to avoid interference from exciton-exciton annihilation
(EEA). The calculated decay lifetime for the fresh devices based on binary PQM-CI:PY-IT
and PTQ10:PY-IT and their ternary systems are 16.6 ps, 15.6 ps, and 25.5 ps, respectively;
while these values for degraded film-based devices are 10.9 ps, 21.0 ps, and 24.3 ps. It is
obvious that ternary blend contains the slowest hole transfer, yet the best Jsc and FF. This
phenomenon has already been argued by peers that slower rates may not destroy the

generation efficiency.® The rate in essence reflects the energy landscape of material systems,
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and in some cases slower hole transfer might even improve the charge generation.
Furthermore, lower hole transfer could approach a balance between charge generation and
transport if the hole transport is not so fast, and thus possibly improving the FF of devices.
On the other hand, the fastest hole transfer of PTQ10 might be enabled by its large
intermixing domain size as demonstrated by GISAXS experiments. For “burn-in” films, very
marginal variation takes place for ternary blend, reflecting its good stability. The opposite
hole transfer speed evolution direction of PQM-CI:PY-IT and PTQ10:PY-IT (slowing down
vs accelerating) is consistent with their morphology evolution tendency, and further support
the stable hole transfer rate of ternary film before and after 10-hour light soaking (the

cancelling-out effect).
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Figure 4. Schematic diagram of morphology evolution and exciton behaviors in binary and
ternary systems.

For a comprehensive illustration of this ternary design’s effect in device performance
degradation alleviation, the schematic diagram of morphology evolution and exciton
behaviors in active layers was presented in Figure 4 herein. As for the PQM-CI:PY-IT
control system, its fresh film demonstrates a suitable phase separation feature for charge
generation and transport, and charge transfer (this work only focus on hole transfer because
electron transfer is widely acknowledged very efficient) takes place in a medium speed

through the intermixing phase. PTQ10:PY-IT morphology contains a large mixed region,
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thus pure donor phase in some places is closer to pure acceptor phase, which is able to result
in faster hole transfer kinetics for fresh sample. Driven by “burn-in” light soaking, PQM-ClI
composed binary film shows an enlarged ypas, thus generally faster hole transfer rate.
Meanwhile, PTQ10:PY-IT’s big-size intermixing domain shrinks a lot, which makes longer
diffusion distance for excitons to go, thereby high possibility of slower hole transfer. In the
fresh optimal ternary system, morphological feature is very similar to that of PQM-CI:PY-IT,
but much slower hole transfer speed is demonstrated, implying the introduction of PTQ10
changes the hole transfer pathway. Since the charge transport/mobility of photovoltaic
materials is normally moderate, slower transfer rate could contribute to reducing
non-geminate recombination, thereby promoted FF. Furthermore, the ternary film maintains
the general morphology characteristics after 1-sun treatment for 10 hours, thanks to the
counteract of degradation directions of PQM-CI and PTQ10 based binary systems. Thus, its

exciton behavior is also well kept.

Furthermore, the “cancelling out” strategy in this work could play greater role in the future,
not limited in the field of all-PSC, but the whole OPV field. An effective material selection
for typical ternary matrix should be based on the full knowledge upon binary host systems.
With a pre-experimental investigation upon film morphology degradation where counteract
evolutions of phase length scale will possibly endorse the success of “cancelling out” method.
This shall not be only applicable for ternary systems with two donors and one acceptor, but
also those of one donor and two acceptors, for which some former works imply similar
concepts.® To predict the morphology evolution direction without tremendous experimental
input, one can refer to thermodynamical and kinetical analysis upon crystallization and phase

separation.®?
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Conclusion

In summary, we hereby focus on the most concerned topic of all-PSCs, such as ternary
device design, the photo-stability and underlying mechanism. Compared to the binary
all-PSCs based on PQM-CI:PY-IT and PTQ10:PY-IT, the PQM-CI:PTQ10:PY-IT
(0.8:0.2:1.2)-based ternary all-PSCs achieved simultaneously improved PCE, film ductility,
and device stability. The device lifetime elongation is enabled by burn-in loss alleviation, so
further understanding works are done by comparing fresh films and photo-degraded ones, in
term of PCEs, morphological features, and exciton behaviors. It is then found that PQM-CI
and PTQ10 exhibit opposite morphological evolution tendency and fortunately reach a
balance when blending them, resulting in a well-maintained phase length scale for the pure
and mixed. These kind of cancelling out strategy succeeds in keeping charge transfer kinetics,
as well. Therefore, this work reveals the underlying physical and morphological mechanism
for delicate ternary blend design enabled “burn-in” loss reduction for efficient and stable

all-PSCs.
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In a high-efficiency ternary matrix platform for all-polymer solar cells, the operational
stability enhancement strategy is proposed with carefully studied underlying reasons, in terms
of morphology and photo-physics. Based on the “cancelling-out” phenomenon, further
ternary OPV blend design can be nourished by considering this principle during material
combination, which could be useful in boosting both PCE and stability.
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