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Random terpolymerization is an effective approach to achieving highly efficient and outdoor-stable
terpolymer photovoltaics. However, the working principle behind this remains unclear. Herein, we report
spectroscopic, morphological, and computational results and conclude the previous work on terpolymer
research to unveil their structure—property relations and elucidate key rules for high-efficiency and outdoor-
stable terpolymer photovoltaics. More specifically, introducing a strong electron-deficient or electron-rich
third moiety is suggested to enable broadened absorption with minimized non-radiative voltage losses.
Besides, the third component should manipulate the D/A miscibility towards a thermodynamically more
stable morphology. However, the content of the third component should be small to maintain molecular

Received 2nd February 2023, orientation and exciton diffusion length in conjunction with optimized phase-separation and crystallinity, in
Accepted 14th March 2023 turn reducing bimolecular carrier recombination. Obeying these rules, terpolymer solar cells based on the
DOI: 10.1039/d3ee00350q parent donors D18 and PM6 with enhanced power conversion efficiency (PCE) and excellent outdoor stability

are demonstrated. Our findings provide a rationale for explaining and achieving high-performance and
rsc.li/ees outdoor-stable terpolymer photovoltaics, paving the path to commercialization.

Broader context

In the last decade, the development of non-fullerene acceptors (NFAs), especially those of the ITIC family and the Y-series has triggered a rapid advance in the
performance of organic photovoltaics (OPV), endowing OPV to arise as a promising contender for 3rd generation photovoltaic technologies. In the current
stage, the commercialization of OPV is the first priority to be considered by the research community. Meanwhile, this technology highly relies on the polymer
donor:NFA (D:A) bulk hetero-junction (BHJ) framework to guarantee efficient charge generation and collection as well as long-term (outdoor) stability to enable
high-performance and outdoor-stable devices. Thus, advancing NFAs matched with (photo)stable polymeric donors is of utmost importance to improve
competitiveness and facilitate the commercialization of OPV. Random terpolymerization is a proven effective approach to address the aforementioned issues.
In this study, we identify a set of rules for high-performance and outdoor-stable terpolymer solar cells and propose a rationale to explain the working principle
behind them, pushing them closer to commercial realization.

Introduction tunable energy levels and near-infrared (NIR) absorption has
triggered a rapid advance in the performance of organic photo-
The development of non-fullerene acceptors (NFAs), especially  voltaics (OPV), endowing OPV to arise as a promising contender

those of the ITIC family' ™ and the Y-series,*> which combine for 3rd generation photovoltaic technologies.® > Meanwhile,
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polymer donors have continued to play a crucial role since,
when paired with NFAs, the polymer donor:NFA (D:A) bulk
hetero-junction (BHJ) requires a balance between phase-
separation and domain crystallinity to ensure efficient charge
generation and collection, resulting in high power conversion
efficiencies (PCEs).">" However, commercialization of OPV
requires not only high efficiency, but also long-term (outdoor)
stability, specifically in typical PV operating conditions such as
continuous illumination, heat, and day-to-night temperature
changes.”>** NFAs are prone to aggregate when excess energy
such as light and heat is supplied.***> Importantly, the stability
of polymer:NFA OPV is predominantly governed by the polymer
donor:NFA BHJ framework.””**” In this regard, advancing
NFAs matched with (photo)stable polymer donors is of utmost
importance to improve the competitiveness and facilitate the
commercialization of OPV.

Random terpolymerization is an emerging strategy to tailor
polymer donors toward enhanced photovoltaic performance
and long-term stability.*®?° Improvements originate from the
incorporation of a second donor or acceptor moiety, which
modifies the polymer structure from a D-A type copolymer to a
D;-A-D,-A or D-A;-D-A, type terpolymer.’®™” The second
donor (or acceptor) moiety influences the optical absorption,
energetics, and blend morphology.®® Yang and co-workers
demonstrated that incorporating as little as 5% of a second
donor moiety thieno[3,2-b]thiophene (TT) into the polymer
PBDB-T increases the absorption coefficient and optimizes
the thin film morphology. This enhanced both short-circuit
current density (Jsc) and fill factor (FF) in both PC,;BM and
m-ITIC-based terpolymer donor devices. However, the intro-
duction of excessive TT has been detrimental to the photovol-
taic performance of both PC,;BM and m-ITIC-based terpolymer
donor devices.

To unleash the full potential of terpolymer photovoltaics,
improving the Jsc and FF only is not sufficient, since the open-
circuit voltage (Vo) needs to be maximized as well. Yang et al.
reported that incorporating 5% of a second electron-deficient
building block (iBDD-Si) into the donor polymer PM6 lowers
the energy level of the highest occupied molecular orbital
(HOMO), increases the absorption coefficient, and optimizes
the molecular packing, thereby enhancing the device PCE from
15.15% to 17.01% due to simultaneously improved Voc, Jsc,
and FF.*

In addition to PCE enhancements, random terpolymeriza-
tion can also improve the stability of solar cells. Kettle and
co-workers designed and synthesized a terpolymer (P3HT:PTB7-
Th) system, namely, P1.>” Devices based on P1:PCBM exhibited
remarkably improved photostability compared to P3BHT:PCBM
and PTB7-Th:PCBM devices, indicating that the random ter-
polymerization strategy has the potential to deliver more stable
OPV. However, clear design rules for terpolymer photovoltaics
that lead to enhanced PCE and stability, as well as the precise
mechanism leading to the efficiency enhancement are unclear
at present.

Herein, we summarized the representative best-performing
terpolymer solar cells in the past 5 years (Table S1, ESIt) and

This journal is © The Royal Society of Chemistry 2023

View Article Online

Energy & Environmental Science

identified key rules for highly efficient and outdoor-stable
terpolymer photovoltaics. Besides, we elucidate these key rules
by demonstrating two series of terpolymer photovoltaic devices
based on the parent donor polymers D18 and PM6. These rules
are: (i) introducing a strong electron-deficient or electron-rich
moiety that broadens absorption and down-shifts the HOMO
level, enhancing the Jsc and reducing energy losses; (ii) using
small contents of the third component to maintaining the
molecular orientation and exciton diffusion length while opti-
mizing phase-separation and domain crystallinity to reduce the
bimolecular carrier recombination, thereby enhancing the FF;
(iif) manipulating the D/A miscibility by introducing a third
comonomer to obtain a more thermodynamically stable thin
film morphology, in turn leading to improved outdoor stability.
To elucidate the key rules, we selected the D18 and PMé6-based
copolymers with 5% strong electron-deficient moiety of ester-
substituted thiazole (E-TZ) and found that the third component
can effectively blue-shifted the absorption, down-shifted the
HOMO level, and fine-tuned the morphology, in turn leading
to a reduced bimolecular carrier recombination and enhanced
Jsco, Voo, and FF. Furthermore, the introduction of 5% TZ
(the abbreviation of E-TZ) improved the morphological stability,
resulting in improved outdoor operating stability of D18-based
terpolymer photovoltaics under the harsh local outdoor condi-
tions at KAUST in Saudi Arabia (highest/lowest air temperature
during daytime/nighttime: 48 °C/22 °C). Our work unveils the
working principle of terpolymer photovoltaics and provides a
rationale to explain and achieve highly efficient and outdoor-
stable terpolymer photovoltaics.

Results and discussion

The molecular structures of D18, the acceptor moiety (TZ), the
terpolymer donors (D18(5% TZ), D18(10% TZ), D18(50% TZ)),
and Y6 are shown in Fig. 1a. The corresponding PM6 and
PMe6-based terpolymer donor structures are shown in Fig. S1
(ESIT). First, we studied the effect of incorporation of the
second acceptor moiety (TZ) on the polymer properties in neat
thin films.

The normalized UV-Vis absorption and steady-state photo-
luminescence (PL) spectra are shown in Fig. 1b. The introduc-
tion of the second acceptor moiety (TZ) into the polymer
backbone slightly blue-shifts both the UV-Vis absorption and
PL spectra. More specifically, when increasing the content of
TZ from 5% to 50% in D18, the optical bandgaps of the
terpolymers increase from 2.01 eV (D18(5%TZ)) to 2.03 eV
(D18(50%TZ)), as estimated at the intersection of the normal-
ized UV-Vis absorption and PL spectra of the neat polymer and
terpolymer films (Fig. S4, ESIT).

The HOMO levels of D18, the D18-based terpolymers, and
NFA used in this work were determined by photo-electron
spectroscopy in air (PESA). Unlike cyclic voltammetry (CV)
obtain the energy level from oxidation and reduction potential
of materials, often in solution, PESA can quantify the HOMO
level on thin-film surface.*®*® The introduction of TZ gradually
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Fig. 1 Evolution of terpolymer properties when incorporating different fractions of TZ. (a) Molecular structures of TZ, D18, D18(5% TZ), D18(10% TZ),
D18(50% TZ), and Y6. (b) Normalized absorption and photoluminescence (PL) spectra, (c) TRPL of the neat D18-based terpolymers. (d) Comparison of
D18 and PM6-based terpolymers in terms of HOMO, LUMO, bandgap, and PCE. (e—h) 2D GIWAXS patterns of neat terpolymer thin films.

lowers the HOMO levels of the D18-based terpolymers due to
the high electron-deficiency of TZ.>***® The lowest unoccupied
molecular orbital (LUMO) levels were approximated based on
the measured HOMO levels and optical bandgaps (from the
intersection of normalized absorption and PL) of the corres-
ponding materials (Fig. S7a, ESIt). To confirm the generality of
broadened absorption spectra and deepened HOMO levels
caused by the introduction of the electron-deficient moiety,
5% to 50% TZ were also incorporated in PM6 as parent
copolymer. As shown in Fig. S3, S5 and S7b (ESIt), PM6-based
terpolymers exhibited a virtually similar evolution as the D18-
based terpolymers.

Next, the PL lifetime of neat D18 and D18-based terpolymers
was characterized by time-resolved photoluminescence (TRPL)
spectroscopy. The data analysis details have been described in

2058 | Energy Environ. Sci., 2023, 16, 2056-2067

our previous works.*”*! As presented in Fig. 1c, the D18(5%TZ)
neat polymer thin film had a PL lifetime of 373.9 ps, which is
higher than that of the parent polymer D18 (196.5 ps) in neat
films, implying that terpolymerization with a small fraction
(~5%) of a second acceptor can enhance the exciton lifetime,
which could be attributed to the finely optimized crystal struc-
ture possesses fewer defects. However, when further increasing
the TZ content to D18(10%TZ) and D18(50%TZ), the PL lifetime
was reduced, implying that excessive TZ may result in severer
defects. We note that the PL lifetime of neat PM6 and PM6-
based terpolymers was increased with the incorporation of TZ
(Fig. S9, ESIt), indicating that exciton lifetimes are generally
increased by the strong electron-deficient TZ moiety. Fig. 1d
summarizes the energy levels, optical bandgaps, and exciton
lifetimes of terpolymers based on D18 and PM6, demonstrating

This journal is © The Royal Society of Chemistry 2023
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the impact of introducing a second strong electron-deficient
moiety into the polymer backbone.

To decipher the role of the TZ moiety on the exciton
diffusion lengths, we fitted the TRPL kinetics in the ps-ns time
range with a rate equation accounting for monomolecular
exciton recombination into the ground state and bimolecular
exciton-exciton annihilation (EEA).** Typically, EEA leads to a
fast intensity-dependent decay of the exciton population in the
initial time range below 100 ps. Fig. S10 (ESIT) shows the fitting
results, which confirm the presence of both bimolecular EEA
and exciton recombination. The fitting parameters extracted
from fitting the experimental data are presented in Table S5
(ESTt). While the absolute values of the exciton diffusion length
cannot be determined without measuring fluence-dependent
kinetics, we can still estimate the ratios between the exciton
diffusion lengths of D18(5%7TZ), D18(10%TZ), and D18(50%7TZ)
and compare to that of D18, and we find 1.1, 0.8 and 0.8,
respectively. The results imply that the incorporation of 5% TZ
has little impact on the exciton diffusion length. In fact, the
enhanced PL lifetime can facilitate exciton dissociation.****

Next, the molecular orientation and crystallinity of the donor
materials in thin films were probed by grazing-incidence wide-
angle X-ray scattering (GIWAXS). As shown in Fig. 1le-h and
Fig. S8, Table S2 (ESIT), the terpolymers exhibit virtually the same
molecular orientation despite the introduction of the TZ moiety.
However, their crystallinity was reduced by increasing the TZ
content from 5% to 50% in the parent polymer D18. We conclude
that the terpolymerization strategy retains the polymers’ mole-
cular orientation while gradually reducing their crystallinity. Thus,
based on the results from GIWAXS and TRPL, introducing a small
fraction of a second acceptor moiety leads to optimized morpho-
logy and enhanced PL lifetimes without sacrificing the materials’
exciton diffusion length.

Then, we evaluated the impact of terpolymerization on the
solar cell device performance. The conventional device archi-
tecture of glass substrate/indium tin oxide (ITO)/poly(3,4-
ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS,
4083)/BH]J active layer/PNDIT-F3N/Ag (Fig. S11, ESIf) was
employed. The current density-voltage (J/-V) characteristics
of D18:Y6 and D18-based terpolymer:Y6 devices are presented in
Fig. S12a (ESIf) and the detailed photovoltaic parameters are
shown in Table 1. The D18:Y6 device exhibits a PCE of 17.2% with
a Voc of 0.853V, a Jsc of 27.17 mA ecm ™2, and a fill factor (FF) of
74.1%. Increasing the TZ content from 5% to 50% improved the
Voc of the D18-based terpolymer:Y6 devices due to the lowering of
the HOMO level in the terpolymers. Furthermore, the D18-based
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terpolymer:Y6 devices exhibited enhanced Jsc and FF when
introducing 5% TZ in D18. Incorporating larger TZ contents,
however, significantly reduced Jsc and FF, indicating a trade-off
exists between improving V¢ and reducing the device photo-
current (Jsc and FF). The external quantum efficiency (EQE)
spectra of the D18:Y6, D18(5%TZ):Y6, D18(10%TZ):Y6, and
D18(50%TZ):Y6 devices are presented in Fig. S12b (ESIT).
All four devices exhibit very similar EQE spectra. Integrating
the device EQE resulted in Jgc values of 26.2, 26.3, 25.5, and
22.5 mA cm ™2 for the D18:Y6, D18(5%TZ):Y6, D18(10%TZ):Y6,
and D18(50%TZ):Y6 devices, respectively, well in line with the
experimentally obtained Jgc values.

The photovoltaic performance improvement of D18-based
terpolymer photovoltaics is primarily due to increased Vo and
FF. We first focus on the mechanism behind the V¢ enhance-
ment in D18-based terpolymer:Y6 devices. Electroluminescence
(EL) and sensitive external quantum efficiency (EQEpy) measure-
ments were carried out on D18:Y6, D18(5%TZ):Y6, D18(10%7TZ):Y6,
and D18(50%TZ):Y6 blends (Fig. 2a—e). As presented in Table 1 and
Fig. S6 (ESIt), the blends’ optical bandgaps (E,) were determined at
the intersection of the normalized steady-state absorption and PL
emission spectra of the D18:Y6, D18(5%TZ):Y6, D18(10%TZ):Y6,
and D18(50%T7TZ):Y6 blends. The incorporation of TZ (5%, 10%,
and 50%) into the backbone monotonically increased E, from
1.447 eV (D18) to 1.450 eV, 1.455 €V, and 1.465 eV. The charge-
transfer (CT) state energy (Ecr) of D18:Y6 and D18-based
terpolymer:Y6 devices was estimated by fitting the EL data to
equation 5 shown in the ESL.{ The introduction of 5%, 10%,
and 50% TZ monotonically increases Ecr from 1.439 eV to
1.442 eV, 1.450 eV, and 1.465 eV, respectively. The total photo-
voltaic energy loss limiting the Voc in devices consists of both
radiative and non-radiative recombination losses (AVoc raqa and
AVoc nr); Which can be estimated by equations 7-10, demon-
strated in the ESIL.1 The introduction of TZ (5%, 10%, and 50%)
increases AVoc rag from 0.330 Vt0 0.350 V, 0.355 V, and 0.369 V,
while reducing the AV p, from 0.256 V to 0.232 'V, 0.224 V, and
0.192 V, respectively. The enhanced Vo from terpolymers
implies that the introduction of a second strong electron-
deficient moiety (TZ) has a positive impact on the non-
radiative recombination losses in turn increasing the Voc of
terpolymer photovoltaics. However, to support the general
versatility of the approach to incorporate another electron-
deficient moiety (TZ) to enhance the V¢, TZ of different content
was introduced to the donor polymer PM6. Clearly, the introduc-
tion of TZ improves the V¢ from 0.839 V in PM6:Y6 to 0.871 V in
PM6(5% TZ):Y6 to 0.900 V in PM6(50% TZ):Y6 (Table S4, ESIt),

Table 1 Summary of the figures-of-merit and photovoltaic performance of D18:Y6, D18(5%TZ):Y6, D18(10%TZ):Y6, and D18(50%TZ):Y6 devices under

simulated AM1.5G illumination (100 mW cm™2)

Active layer Eg(eV)  Voc (V)  Ecr(eV)  AVocra (V)  AVocnr (V) Jee(mAcm™)  Juoe’ (MAcem™)  FF (%)  PCE® (%)
D18:Y6 1.447 0.853 1.439 0.330 0.256 27.17 26.2 74.1 17.2(17.0)
D18(5% TZ):Y6 1.450 0.860 1.442 0.350 0.232 27.27 26.3 77.9 18.3(18.0)
D18(10% TZ):Y6  1.455 0.871 1.450 0.355 0.224 26.07 25.5 73.4 16.7(16.5)
D18(50% TZ):Y6  1.465 0.905 1.465 0.369 0.192 23.38 22.5 60.5 12.8(12.4)

% Statistical data obtained from 10 devices.
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Fig. 2 Random terpolymerization minimizes energy losses. Normalized EL and EQEpy spectra of: (a) D18:Y6, (b) D18(5%TZ):Y6, (c) D18(10%TZ):Y6, and
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supporting the effectiveness of terpolymerization with TZ as a
common approach to enhance the Vo¢ of D18 and PM6-based
terpolymer photovoltaics.

Next, we investigated the FF enhancement and studied the
exciton and charge carrier dynamics to better understand the
photophysics of TZ-based terpolymers. The impact of TZ on the
exciton dynamics in the D18-based terpolymer:Y6 BHJ active
layer was studied by TRPL and PL quenching efficiency (PLQE)
measurements. Here, the PLQE is obtained as (1 — Tpjend/Tneat)s
where Tpeng and Tpeqe represent the lifetimes of the blend and
neat materials, respectively. The fitting details have been
described in our previous works.*>*" We parameterized the
PL decay using a bi-exponential decay function to extract the
weighted-average lifetimes. The PL of neat Y6 and blend films
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of D18:Y6, D18(5%TZ):Y6, D18(10%TZ):Y6, and D18(50%TZ):Y6
were measured following pulsed laser excitation at 720 nm. The
corresponding normalized TRPL data are shown as 3D plots in
Fig. 3a-d with a clear PL emission peak from Y6 at ~880 nm.
For a closer analysis, the PL transients of the respective blends
were tracked at the maxima of their respective emission peaks,
as depicted in Fig. 3e. The incorporation of 5% TZ reduced the
PL lifetime from 37.1 to 29.8 ps, while the PLQE remained
similar (95.7% vs. 96.6%) implying efficient exciton quenching
in either. However, increasing the TZ content led to longer PL
lifetimes and concurrently reduced PLQE in D18(10%TZ):Y6
with 97.4 ps and 88.8% and D18(50%TZ):Y6 with 212.0 ps and
75.6%, indicating the incorporation of TZ in excess of 5%
reduces the exciton quenching efficiency. These results are in
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Fig. 3 Time-resolved photoluminescence of terpolymer:Y6 thin films. TRPL spectra in 3D plots of (a) D18:Y6, (b) D18(5%T2):Y6, (c) D18(10%TZ):Y6, and
(d) D18(50%T2):Y6 blend films. (e) TRPL kinetics of Y6 neat films and blend films of D18:Y6, D18(5%TZ):Y6, D18(10%TZ):Y6, and D18(50%TZ):Y6 tracked at
the peak position of the PL and fits to the experimental data using a bi-exponential decay (solid line).
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line with the observed change of the Jsc and EQE from devices,
indicating that the additional acceptor moiety (TZ) influences
exciton quenching in terpolymer photovoltaics.

To further reveal the photogenerated charge carrier
dynamics, we performed transient absorption (TA) pump-probe
measurements over a wide temporal (picoseconds to micro-
seconds) and broad probe energy range (2.2-0.7 eV) using our
home-built TA setup.*® Positive AT/T signals correspond to the
material’s ground state bleaching (GSB), while negative AT/T
signals correspond to regions of photo-induced absorption (PA)
from excited states.*>*>*® Fig. 4a-c shows the ps-ns TA spectra
of D18:Y6, D18(5%TZ):Y6, and D18(50%TZ):Y6 blend films

MAT/T

09 12 15 138

Energy (eV)
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after photoexcitation at 650 nm, where mainly Y6 molecules
are excited (Fig. 1b). Soon after photoexcitation at 700 fs, a
photo-induced absorption (PA) band has emerged in the 1.4-
1.45 eV region (orange line in Fig. 4a—c) observed in all three
blends, which we assigned to charge transfer states formed in
47739 Over time, the
narrow band at 1.4 eV exhibited spectral broadening and a
concomitant redshift. This spectral evolution indicates the
formation of a new species, namely, charge carrier, observed
by their charge-induced absorption.?” The TA spectra of neat
donor and acceptor materials are given for comparison in the SI
(Fig. $13 and S14, ESI¥).

Y6, in agreement with previous studies.
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Fig. 4 TA spectra and dynamics of terpolymer:Y6 films. ps—ns TA spectra of the (a) D18:Y6, (b) D18(5%TZ):Y6, and c D18(50%TZ):Y6 after
photoexcitation at 650 nm (mainly excite Y6). (d) ps—ns TA kinetics of 1.23-1.3 eV spectral region (3.1 pJ cm™2) (a, b and c). (e—g) ns—us TA kinetics
of 1.23-1.3 eV (charge carriers) region for a wide range of fluences (symbols) and two-pool global fit (lines).
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The GSB band of the donor (1.9-2.1 eV) exhibited a slow rise
up to 100 ps after an ultrafast charge generation. The exciton
generated at the donor/acceptor interfaces can go for ultrafast
charge generation, but the exciton generated far away from the
D/A interface need diffuse through the pure phases. As a result,
diffusion through pure phase delays the charge transfer/slows
down the generation, but they do not decrease its efficiency
because modern NFAs show long-range exciton diffusion
length.”® In addition to larger diffusion length, Y6 exhibit a
larger exciton lifetime, which is much larger than other NFAs®"
larger than the maximum charge generation time reported
here. Fig. 4d shows the integrated kinetics of the 1.22-1.3 eV
(charge carrier-induced absorption) spectral region. The charge
carrier generation rate for D18(5%TZ):Y6 blend films are faster
than that of D18:Y6 and D18(50%TZ):Y6 at the same laser
fluence, and in line with the exciton (fluorescence) lifetimes
obtained by TRPL experiments (Fig. 3e). Fig. 4d compares the
charge carrier dynamics of thin film blends. Here, a slightly
faster charge generation but slower recombination was
observed for D18(5%TZ):Y6 films (orange line), which is in line
with the higher PCE of this blend.

To monitor the charge carrier recombination dynamics and
quantify the carrier recombination rates, we performed nano-
second-microsecond (ns-ps) TA spectroscopy on the same
blends used for the ps—ns TA studies.***> The ns—us TA spectra
showed similar spectral features for all three thin film blends
(see Fig. S14, ESIT), yet their kinetics differed. Here, the fluence-
independent decay of the charge-induced absorption at early
probe delay times indicates a contribution from geminate
recombination of bound charge-transfer states, while the
fluence-dependent decay indicates non-geminate recombina-
tion of free charges dominates at later times.”” To quantify the
individual process yields and to determine the kinetic para-
meters we fitted the experimentally-determined dynamics to a
previously reported two-pool model (solid lines in Fig. 4e-g).
Details of the two-pool model and fit can be found in earlier
works and in the ESI.1°>°® Here, we assumed the charge carrier
cross-section to be 1 x 107'® cm™2, that is, on the order of
values typically determined for polymeric materials.” The fit to
the two-pool model revealed that spatially-separated charges
are generated with a yield of 96% and 90% in D18(5%TZ):Y6
and D18:Y6 blend films (Table 2), respectively. Free-charge
carriers can be extracted as photocurrent from a device if
they escape non-geminate recombination. Interestingly, in
D18(50%TZ):Y6 films, the yield of free charge carriers were

Table 2 Fit parameters obtained from global fits (two-pool model) to the
ns—us charge carrier recombination dynamics in optimized blend films.
Here, f is the fraction of free charge carriers, 1 + 1 is the apparent non-
geminate recombination order, 7y is the non-geminate decay rate, and f§ is
the effective bimolecular recombination coefficient calculated for a carrier
density of 1 x 10 cm~3

Films f(%) A+1 y(em®)* st B (em® s
D18:Y6 90+1 26+002 117 x10* 5x10 "
D18(5%TZ):Y6 ~ 96 +2 2.58+£0.01 1 x 107> 2 x 107
D18(50%TZ):Y6 76 +2 2.6+ 0.01 1.65x 107> 7 x 107"
2062 | Energy Environ. Sci., 2023, 16, 2056-2067
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found to be much lower (76%) (Table 2), in turn indicating that
24% of the initial charge carrier population is bound in charge-
transfer states which subsequently recombine geminately.
Clearly, it can be seen that carrier losses due to geminate
charge recombination directly impact the obtained photo-
voltaic device performance.

Apart from a reduced fraction of geminate recombination,
D18(5%TZ):Y6 exhibited also a further reduced non-geminate
recombination coefficient (), indicating that free charge car-
riers are longer-lived and thus can be extracted to a larger
extent from the device. In contrast, D18:Y6 and D18(50%TZ):Y6
films exhibited higher f values, pointing to faster non-geminate
recombination of free charge carriers and thus less charge
extraction. Overall, our intensity-dependent TA results reveal
not only the mechanism of carrier recombination but also the
fraction of charge carrier losses. It appears that adding 5%TZ to
the parent polymers reduced carrier losses in blends with Y6,
compared to the control device D18:Y6 (Table 2). However,
incorporating higher loadings of TZ into the polymer backbone
reduced the charge generation efficiency and increases both
geminate and non-geminate recombination of charge carriers,
in turn resulting in reduced FF and Jsc in devices.

In addition to the excited state dynamics, the molecular
orientation, material crystallinity, and D/A phase-separation
impact the device FF.>*"®® GIWAXS on thin films was performed
to determine the molecular orientation and crystallinity of
D18:Y6 and D18-based terpolymer:Y6 thin films and their D/A
phase-separation was assessed by grazing incidence small-angle
X-ray scattering (GISAXS). As presented in Fig. 5a, b and i,
the introduction of TZ caused no obvious change in the
molecular orientation, implying the TZ-based terpolymeriza-
tion does not affect the molecular packing and thus the charge
transport pathways are also retained. The corresponding
GIWAXS parameters are summarized in Table S3 (ESI{). The
D18:Y6 BH]J film exhibits (100) lamellar peaks at g, ~ 0.31 A™"
(coherence length (CCL) = 5.28 nm) and (010) n—= peaks at ¢, ~
1.80 A~ (CCL = 2.64 nm). In comparison, the D18(5%TZ):Y6,
D18(10%TZ):Y6, and D18(50%TZ):Y6 systems present (100)
lamellar peaks at g,, = 0.31 A™' (CCL = 4.67, 4.25 and
3.95 nm, respectively) and (010) n-n peaks at g, ~ 1.77 A™*
(CCL = 2.55, 2.36 and 2.29 nm, respectively), showing a con-
tinuously reduced film crystallinity in both IP and OOP direc-
tion when increasing the TZ content. The reduced film
crystallinity is consistent with the reduced charge carrier mobi-
lity found in D18-based terpolymer solar cells (Table S7, ESIf).
However, the D18(5%TZ):Y6 device exhibits an enhanced FF,
which can be ascribed to different and more optimal D/A phase-
separation.®>>8

GISAXS was carried out to evaluate the D/A phase-
separation, and the 2D patterns are presented in Fig. 5e-h,
and their corresponding IP intensity plots and fitting results
based on the Debye-Anderson-Brumberger (DAB) model and
fractal-like network are shown in Fig. 5j. Xpap refers to the
intermixing D/A domain size and 2R, represents the average
pure domain size of the acceptor phase in this work for D18:Y6
and D18-based terpolymer:Y6 samples. The corresponding

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 GIWAXS and GISAXS data of terpolymer:Y6 thin film blends and experimentally measured, as well as simulated device J-V characteristics. 2D
GIWAXS patterns of (a) D18:Y6, (b) D18(5%TZ):Y6, (c) D18(10%TZ):Y6, and (d) D18(50%TZ):Y6 blend films. 2D GISAXS patterns of (e) D18:Y6, (f) 5%TZ:Y6,
(9) 10%TZ:Y6, () 50%TZ:Y6 blend films. (i) The corresponding GIWAXS intensity profiles along the in-plane (IP) (yellow lines) and out-of-plane (OOP)
(green lines). (j) The corresponding GISAXS intensity profiles and best-fitting curves along the in-plane. Experimentally measured (dots) and simulated
(lines) current density—voltage (J-V) characteristics of (k) D18:Y6, () D18(5%TZ):Y6, (m) D18(10%TZ):Y6, and (n) D18(50%TZ):Y6 devices.

calculated results for Xp,p and 2R, are summarized in Table S4
(ESIt). The D18:Y6 and D18(5%TZ):Y6 films exhibited a nano-
scale phase separation with an intermixed D/A domain size of
~25 nm and a pure acceptor domain size of ~20 nm (compar-
able to exciton diffusion length in NFAs), in conformity with
the high FF. The D18(10%TZ):Y6 and D18(50%TZ):Y6 films
exhibited a similar intermixed D/A domain size, but a smaller
pure acceptor domain size of ~12 nm, which may result in the
reduced FF in devices.

Next, carrier drift-diffusion simulations were used to repro-
duce the experimentally-measured J-V characteristics. We used
optical constants, namely the refractive index n and extinction
coefficient k, determined by spectroscopic ellipsometry mea-
surements (Fig. S18, ESIT), hole and electron mobilities mea-
sured by SCLC experiments (Fig. S17, ESIt), the bimolecular
charge carrier recombination coefficient (frpcr) obtained from
time-delayed collection field (TDCF) measurements (Fig. S16,
ESIT), and the device stack architecture as input parameters

This journal is © The Royal Society of Chemistry 2023

(Fig. S11, ESIt). We note that the bimolecular recombination
coefficient obtained from TA on thin film blends differs from
the one determined by TDCF. This mismatch is largely due to
the n-dependence of f§ as we explained in our previous work®*
and ESI.t In fact, TDCF appears to give a better estimate of the
carrier recombination coefficient in devices as found in our
previous works and thus we used the recombination coefficient
determined by TDCF for our device simulations.®® More details
about the simulation can be found in the ESI,¥ and our
previous works.**®> As shown in Fig. S16 (ESI{), the Brpcr of
D18:Y6, D18(5%TZ):Y6, D18(10%TZ):Y6, and D18(50%TZ):Y6
devicesare 7 x 107", 5 x 107", 9 x 107" and 1 x 10" cm® s,
respectively. We note that the trend for frpcr is in line with the
change of fir, (Fig. 4e-g), confirming reduced carrier recombina-
tion when 5% TZ is incorporated into the polymer backbone,
while recombination increases when introducing a higher content
of TZ. Details of the simulation using the commercial software
tool Setfos 5.2 (Fluxim AG) and the precise simulation procedure

Energy Environ. Sci., 2023, 16, 2056-2067 | 2063
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can be found in our previous works.*>*>*>®® The comparison of
the simulated and experimentally-measured J-V characteristics of
the terpolymer photovoltaics are presented in Fig. 5k-n, and the
relevant photovoltaic parameters are listed in Table S8 (ESIt). The
good match of the simulated and measured j-V data of D18:Y6,
D18(5%TZ):Y6, D18(10%TZ):Y6, and D18(50%TZ):Y6 devices
indicates that the input parameters (hole/electron mobilities, n,
k, and Prpcr) determined by spectroscopic experiments are mean-
ingful and capture the processes and their dynamics in operating
solar cell devices. As the fits of D18-based terpolymer photovol-
taics from TA experiments was as low as ~10~ > cm® s, we used
B ~ 107" em® s to observe its impact on the performance of
D18-based terpolymer solar cells. Clearly, reducing f# by one more
order would enhance the PCE of D18:Y6, D18(5%TZ):Y6,

View Article Online
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D18(10%TZ):Y6, and D18(50%TZ):Y6 devices further to 18.6%,
19.0%, 17.9%, and 15.8%, respectively, showing that reducing the
bimolecular recombination coefficient and improving carrier
extraction is important to increase the PCE not only in D18-
based terpolymer solar cells.

Long-term (outdoor) operational stability is of utmost
importance to commercialize PV technology, and an important
challenge for OPV. The devices need to sustain prolonged
operation under solar irradiance and exhibit high tolerance to
heat and temperature changes during day-night cycles.?® Thus,
a thermodynamically stable morphology is required to obtain
outdoor-stable OSCs. Previous works have demonstrated
that D/A miscibility close to the percolation threshold of
small molecules (fullerenes and NFAs) is key to obtaining a
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Fig. 6 Outdoor stability of terpolymer photovoltaic device. (a) Solar irradiance, and (b) air temperature status during the test period. (c) Power generation
density (PGD) of the encapsulated D18:Y6, D18(5%TZ):Y6, D18(10%TZ):Y6 and D18(50%TZ):Y6 devices obtained during the test period, and (d) the
corresponding normalized encapsulated devices at noon. Note: the outdoor stability analysis was carried out on the KAUST campus, Thuwal, Kingdom of
Saudi Arabia from May 2nd to Jun. 2nd. J-V curves were measured every 10 min during the daytime.
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(meta)stable morphology.®””®®* Here, the terpolymerization
strategy is employed to fine-tune the D/A miscibility to obtain
outdoor-stable OSCs with a thermodynamically stable morphology.
The experimental details have been shown in ESL{ The outdoor
stability tests for all four systems were performed in the hot and
sunny climate at KAUST, Thuwal, Kingdom of Saudi Arabia, a
location with high irradiance and temperatures. In fact, the
irradiance was as high as 1039.5 W m™ 2 at noon (Fig. 6a) as
measured by a calibrated pyranometer and the highest/lowest air
temperatures during daytime/nighttime were 48 °C/22 °C (Fig. 6b).
As shown in Fig. 6c, the figures-of-merit of the encapsulated
D18:Y6, D18(5%TZ):Y6, D18(10%TZ):Y6 and D18(50%TZ):Y6
devices were tracked every 10 min for 32 days in total, presenting
an uptrend of the PGD from sunrise to noon, followed a down-
trend from noon to sunset. For a better comparison, the device
performance obtained at noon was normalized (accounting also
for the irradiance by dividing the irradiance measured at noon) to
monitor the outdoor degradation (Fig. 6d). The devices based on
D18:Y6 (Ydonor-accepror (D/A miscibility) of 59.9 x 10? K) and
D18(5%TZ):Y6 (Ydonor-acceptor Of 50.5 x 10~> K) (Table S10 and
Fig. S21a, b, ESI}) exhibited a similar degradation in the first
4 weeks, however, the D18:Y6 devices demonstrated significantly
lower device performance after 4 weeks. It appears the miscibility
of 50.5 x 107> K in D18-based terpolymer:Y6 systems deliver a
thermodynamically more stable thin film. Furthermore, the
D18(10%TZ):Y6 with a JZdonor-accepor Of 12.5 x 107> K and
D18(50%TZ):Y6 with a Jdonor-acceptor Of 1.3 x 10~> K (Table S10
and Fig. S21c, d, ESIt) exhibited much severer degradation in the
first week, implying that the miscibility in D18-based terpolymer
devices is different from that in D18(5%TZ):Y6 systems, resulting
in less thermodynamically stable films. It is worth noting that the
D18(5%T7TZ):Y6 system, which exhibited the thermodynamically
most stable morphology, retained 92.6% initial performance after
32 days of harsh outdoor stressing in Saudi Arabia, which is
among the best outdoor stabilities reported so far for 3rd genera-
tion photovoltaics.>>*%%7

To confirm that the D18(5%TZ):Y6 system is the most
thermodynamically stable blend, hyperspectral PL imaging
was performed on fresh and aged devices of all four systems
tested outdoors. The normalized average PL spectra of the
entire mapped area are depicted in Fig. S24a and b (ESIY).
The D18 and D18-based terpolymers are very stable due to their
intrinsic morphological stability, whereas, NFAs are prone to
aggregate under light-soaking or heat exposure. Hence, by
tracking the PL intensity of the D18/D18-based terpolymer
and the Y6 acceptor domains, we can disentangle which D18/
D18-based terpolymer:Y6 system is the most thermodynami-
cally stable. As shown in Fig. S24a (ESIt), all four systems in
fresh devices exhibited a stronger PL of the Y6 phase, indicating
optimum blend morphology.®® After 32 days of outdoor testing,
the D18:Y6, D18(5%TZ):Y6, D18(10%TZ):Y6, and D18(50%TZ):Y6
devices all exhibited significantly reduced PL intensity of the Y6
domains due to the aggregation of Y6,”>”* while the D18(5%TZ):Y6
system still showed comparably intense PL from the Y6
domains (Fig. S24b, ESI{), indicative of a more thermodynami-
cally stable morphology and in line with the outdoor stability

This journal is © The Royal Society of Chemistry 2023
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data showing 92.6% of the initial device performance was
retained after 32 days.

Conclusion

This study summarized a set of rules for high-performance and
outdoor-stable terpolymer solar cells and proposed a rationale
to explain the working principle behind them. We combined
spectroscopic, morphological, and computational approaches
to elucidate the key rules for highly efficient and outdoor-stable
terpolymer solar cells based on parent polymer donor D18 and
PM6. We found that the device’s Jsc is enhanced and energy
loss is reduced in terpolymer devices when incorporating
another strong electron-deficient moiety that broadens the
material’s optical absorption and lowers the HOMO level of
the terpolymer. Enhanced device FFs were found when the
fraction of the third component of the terpolymer was 5% only,
which retained the original D/A framework with delicately
optimized phase-separation that reduced the bimolecular
charge carrier recombination and further improved the device
FF. Highly outdoor-stable terpolymer devices were obtained
due to the incorporation of a third component which fine-
tuned the D/A miscibility and led to a thermodynamically more
stable morphology. Our findings systematically unveiled the
photovoltaic performance and outdoor stability enhancement
by monitoring the exciton/charge carrier dynamics and the
blends’ thin film morphology, providing a rationale for highly
efficient and outdoor-stable terpolymer solar cells, pushing
them closer to commercial realization.
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