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Double-cable conjugated polymers contain electron-donating (D) backbones and electron-accepting (A)
side units, in which the nanophase separation of the donor and acceptor segments is a crucial factor to
determine the photovoltaic performance of single-component organic solar cells (SCOSCs). In this work,
three random double-cable conjugated polymers (denoted as P1-P3 with enhanced acceptor contents)
have been designed to tailor the nanophase separation of D/A to realize high-performance SCOSCs.
These new random double-cable conjugated polymers contain identical polymer backbones with varied
contents of near-infrared acceptor side units. It is observed that the acceptor contents could effectively
tune the aggregation degree of the backbone and acceptor (shown in the absorption spectra and

grazing-incidence wide-angle X-ray scattering measurement) and further influence the construction of
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Accepted 15th May 2023 charge-transporting pathways. Therefore, a moderate content of acceptor side units provides balance

D/A aggregation and optimal nanophase separation, resulting in a high efficiency of 9.4% in SCOSCs.

DOI: 10.1039/d3ta01501g These results demonstrate that random double-cable conjugated polymers are an excellent model for
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1. Introduction

Single-component organic solar cells (SCOSCs) are recognized
as a simplified version of bulk-heterojunction organic solar cells
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studying the impact of their aggregation/crystallinity so as to realize high-performance SCOSCs.

(BHJOSCs), representing an exciting target with fundamental
and technological implications." Double-cable conjugated
polymers, as one class of single-component materials used in
SCOSCs, have attracted enormous attention driven by recent
material innovation.> Double-cable conjugated polymers, with
pendant aromatic side units as the electron acceptor (A) and
conjugated backbones as the electron donor (D), simulta-
neously ensure hole and electron percolation pathways.? In the
beginning, most double-cable conjugated polymers were fabri-
cated with a polythiophene backbone and fullerene side units;
however, their narrow absorption spectrum severely limited the
efficiency of SCOSCs.* Therefore, Li and coworkers have been
working on developing double-cable conjugated polymers with
novel structures through a “functionalization-polymerization”
method since 2017.>*** Impressively, double-cable polymers
containing rylene diimides as acceptor units have propelled the
performance of SCOSCs, boosting the power conversion effi-
ciency (PCE) to over 8%.'® However, rylene diimides do not
absorb light in the near-infrared (NIR) spectral region, thus
hampering further PCE enhancement. In BHJOSCs, A-D-A type
push-pull structured non-fullerene electron acceptors have
been successfully incorporated to boost their PCEs to over 19%,
due to intramolecular charge transfer and extended NIR
absorption.”* Obviously, incorporating A-D-A NIR acceptor
blocks into double-cable polymers is a promising strategy for
next generation SCOSCs.>*

This journal is © The Royal Society of Chemistry 2023
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Furthermore, well-ordered nanophase separation in double-
cable polymers is another pathway to obtaining high-efficiency
SCOSCs. However, double-cable polymers with donor and
acceptor segments being covalently linked in one molecule
exhibit a more complex crystalline behavior owing to their
mutual restraint, resulting in inferior PCEs compared to that of
state-of-the-art BHJOSCs.”*** Therefore, various strategies have
been developed to control the nanophase separation of the
donor backbone and acceptor units consisting of rylene
diimide-based double-cable polymers, for instance, thermal
annealing,® tuning the miscibility of donors and acceptors,’
changing the linker length between the backbone and side
unit,>>** etc.>'* However, there are very few reports focusing on
double-cable conjugated polymers with pendant NIR electron
acceptors, in which the acceptors exhibit a 3D stacking
network.”””** In our previous work, a molecular symmetry
strategy was used to obtain optimized morphology in these
polymers.”® The asymmetric design led to an enhanced PCE of
above 10% due to appropriate nanophase separation, while the
symmetric polymer exhibited only <4% PCE with a low fill factor
(FF) of 0.39 as a result of strongly aggregated acceptor side
units. This result showed the importance of phase-separation
control between the donor backbone and acceptor side units
in controlling the nanophase separation of NIR-type double-
cable polymers.

In this work, a random copolymer design was used to opti-
mize the nanophase separation of double-cable polymers via
tuning the molar ratio of acceptors. Three random double-cable
conjugated copolymers (named P1, P2, and P3) with different
feed ratios of TPDIC acceptors (Scheme 1) have been prepared.>

R R R R
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When lowering acceptor contents, the ordered/crystallized
backbone would cause the acceptor units to adopt the period-
icity of the backbone. At this circumstance, the low acceptor
content can not form a continuous electron pathway in thin
films, resulting in low PCEs in SCOSCs. When double-cable
polymers contain excessive acceptor contents, the crystallized/
aggregated acceptor units may cause the backbone locally to
be disordered, thus lowering the hole-transporting ability.
Consequently, the double-cable conjugated copolymer P2 with
optimal acceptor contents exhibited a more balanced degree of
backbone and acceptor aggregation and more balanced charge
transport, delivering an excellent PCE of 9.4%. The results
demonstrate that random copolymer design is an effective
method to tune the D/A phase separation of double-cable
polymers toward efficient SCOSCs.

2. Results and discussion

The polymers used in this work are shown in Scheme 1, and the
detailed preparation procedures are summarized in Scheme
S1.f All the random double-cable polymers were synthesized
using the “functionalization-polymerization” method.> They
exhibit good solubility in chlorobenzene (CB) and ortho-
dichlorobenzene (0-DCB). Gel permeation chromatography
measurement (GPC) was used to determine the molecular
weight of the double-cable polymers with 1,2,4-tri-
chlorobenzene as the eluent at 150 °C. The number-average
molecular weights (M,) of P1, P2, and P3 are 41.4, 67.9, and
47.4 kDa (Fig. S1-S31 and Table 1), respectively. The double-
cable polymers show excellent thermal stability with 5%

s-DCPIC

R = 2-ethylhexyl

Scheme 1 Chemical structures of the double-cable copolymers in this work.
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Table 1 Molecular weights, and optical and electrochemical properties of P1, P2, and P3

M, (kDa) M, (kDa) Py 250 @ (nm) Afilm, b (nm) Eglm’” (eV) Epomo” (eV) Eromo’ (eV)
P1 41.4 125.6 3.04 777 837 1.48 —5.54 —3.75
P2 67.9 149.2 2.20 777 846 1.47 —5.54 —3.75
P3 47.4 123.1 2.60 777 846 1.47 —5.54 —3.75

“ Absorption onsets in 0-DCB : 3% DIO solution. ” Absorption onsets in a thin-film state. ¢ Optical bandgap was calculated through the onset of the
thin-film absorption edge. 4 calculated from Eyomo = —4.80 €V — Eoy. © Erumo = —Ereq — 4.80 €V.
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Fig.1 Optical absorption spectra of the double-cable polymers in (a) 0-DCB:3%DIO solutions and (b) thin films annealed at 150 °C for 10 min.

weight loss above 300 °C via thermal gravimetric analysis (TGA)
(Fig. s41). Different scanning calorimetry measurements (DSC)
show no phase transition peaks in the measured temperature
range (Fig. S5t). The donor : acceptor mass ratios of P1, P2, and
P3 are 1:0.73, 1:1, and 1:1.3, respectively, which are calcu-
lated from nuclear magnetic resonance (NMR) spectra, as
shown in Fig. S19-S21.7

The absorption spectra of these double-cable polymers are
shown in Fig. 1 and the data are summarized in Table 1. All the
polymers exhibited similar absorption spectra both in solutions
and thin films, in which the intensity contribution from the
acceptor was enhanced from P1 to P3 due to the enhanced
ratios of TPDIC (650 nm ~750 nm). Furthermore, the absorp-
tion spectra of the polymers showed large red shifts of ~60 nm
when going from solutions to thin films, indicating pronounced
aggregation of acceptor segments in thin films. We selected the
intensity of the 0-0 transition to the 0-1 transition as an indi-
cation of the relative degree of aggregation, which can be done
separately for the donor backbone (marked as D: 0-0 and D: 0-
1) and for the TPDIC acceptor (marked as A: 0-0 and A: 0-1)
according to the previous report,*® as shown in Fig. 1b and Table
S1.1 We found that the D: 0-0/D: 0-1 ratio increased going from
P1 to P2 and decreased from P2 to P3, indicating the aggrega-
tion degree of the donor backbone. Also, the A: 0-0/A: 0-1 ratio
increased from P1 to P2 and decreased from P2 to P3, showing
the same trend in the aggregation of the acceptor segments.
These changes illustrate that the aggregation/crystallinity
degrees of both the donor backbone and acceptor units are in
the order of P1 < P3 < P2. Electrochemical cyclic voltammetry
(CV) measurements were performed to determine the frontier
energy levels of these random double-cable polymers, as shown

12238 | J Mater. Chem. A, 2023, 11, 12236-12244

in Fig. S6t and Table 1. The double-cable polymers show
identical highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) energies because
of the same donor backbone and acceptor segments used in
these polymers.

SCOSCs based on P1, P2, or P3 were fabricated with the
inverted configuration of ITO/ZnO/active layers/MoO;/Ag, and
the detailed preparation conditions are summarized in the
ESL.} *° The J-V characteristics are shown in Fig. 2a, and the
photovoltaic parameters are summarized in Table 2 and Tables
S2-S4.1 P2-based SCOSCs provided the highest PCE of 9.45%,
while devices based on P1 and P3 showed PCEs of ~6%. The
SCOSCs based on P1 and P2 have the same Vi¢s (open-circuit
voltages) of ~0.738 V, while P3-based devices show a reduced
Voc of ~0.717 V. The high performance of SCOSCs based on P2
is due to the enhanced Jsc (short-circuit current density) of
20.17 mA cm™ > and FF (fill factor) of 0.63. The improved Js¢c in
P2-based SCOSCs is also reflected in its high EQEs, as shown in
Fig. 2b. It should be noted that the jscs and FFs increased
significantly with enhanced acceptor contents from P1 to P2,
while they decreased from P2 to P3 when further enhancing the
acceptor contents. Moreover, the BHJOSCs based on PBDB-T:s-
DCPIC were fabricated to demonstrate the necessity of the
copolymer design (Fig. S7 & Table S5t), in which s-DCPIC is the
double-cable polymer prepared in our previous work.** A weight
ratio of PBDB-T:s-DCPIC = 1:2.26 (w/w) was applied with
respect to the copolymer P2. BH]J-type OSCs exhibited a cham-
pion PCE of 6.92% with a high Jsc of 16.54 mA cm ™2 and FF of
0.53 but a low Vo¢ of 0.79 V, which is higher than that of the
reported symmetrical double-cable polymer s-DCPIC* but lower
than that of P2-based SCOSCs.

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 (a) J-V characteristics of OSCs based on P1-P3. (b) The corresponding EQE spectra. (c) The calculated ups and pes of s-DCPIC, BHJ, and
P1-P3. EQE and EL spectra of the OSCs based on (d) P1 (e) P2, and (f) P3.

We also investigated the thermal stability of the devices, as  devices have similar PCE degradation curves and maintain over
shown in Fig. S8.1 The Vi¢s of all the devices have little decay 80% of the initial efficiency after more than 350 hours. The
during the long heat treatment. It is noted that the Jscs of the results indicate that the double-cable conjugated polymers are
devices decrease and FFs increase during the initial time, which advantageous for achieving stable organic solar cells.
is attributed to the degradation of the test light source. All the

Table 2 Photovoltaic performances of P1-P3 based SCOSCs. Charge carrier mobilities determined by SCLC measurement

Polymers Voo (V) Jsc® (mA cm™?) FF* PCE* (%) un (em®> v 7s™) e (em®> Vs
s-DCPIC®  0.85 (0.845 =+ 0.002) 11.94 (11.98 + 0.24)  0.39 (0.38 £ 0.01)  3.98 (3.87 £ 0.08) 5.1 x 10~° 1.1 x 107*
BHJ 0.792 (0.795 & 0.002)  16.54 (16.58 = 0.72)  0.53 (0.50 £ 0.02)  6.92 (6.57 + 0.15) 2.3 x 10~* 3.7 x 107*
P1 0.737 (0.732 £ 0.007)  15.55 (15.95 &+ 0.45)  0.52 (0.50 & 0.02)  6.00 (5.79 + 0.15) 4.3 x 10°* 4.6 x 1077
P2 0.738 (0.734 £ 0.003)  20.17 (20.44 £ 0.59)  0.63 (0.62 £ 0.01)  9.45(9.32 £ 0.09) 1.3 x 1072 1.1 x 1072
P3 0.717 (0.714 £ 0.001)  17.18 (17.07 £ 0.26)  0.51 (0.50 + 0.01)  6.26 (6.10 + 0.11) 4.4 x 10~* 4.6 x 107

“ The average parameters are obtained from 6 parallel devices. ” The parameters are from our previous work.*!

This journal is © The Royal Society of Chemistry 2023 J. Mater. Chem. A, 2023, 1, 12236-12244 | 12239
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To reveal the origin of the distinct performance, we used the
space charge-limited current (SCLC) method to extract the hole/
electron mobilities of these cells, as shown in Fig. 2c and S9.f
Devices based on PBDB-T:s-DCPIC showed an enhanced hole
mobility (up) of 2.3 x 107" em® V™' 57" compared to that of s-
DCPIC with gy, of 5.1 x 107° cm® V™' s7%, caused by the addi-
tional hole transport path of PBDB-T.*® The copolymer P1 with
low content of TPDIC gave a low electron mobility (u.) of 4.6 X
10 °em®V 's " and py of 5.1 x 10~ * em?® V' s~ %, Surprisingly,
P2 showed an enhanced up, of 1.3 x 102 cm? V! s7! and . of
1.1 x 102 em® V™' s, However, copolymer P3 with improved
acceptor content exhibited a decreased uy, of 4.4 x 10 *em? V™!
s ' and g of 4.6 x 10~* cm® V™' s7'. The changes in the charge
transport properties are responsible for the difference in Jscs
and FF values. Considering the same PBDB-T/TPDIC ratios of
the PBDB-T:s-DCPIC blend and P2, the higher u. and u; of P2
indicate a well-ordered molecular packing motif in thin films.
We also measured the mobilities of the PBDB-T:TPDIC blend
film with different mass ratios, as shown in Fig. S10 and Table
S6.1 The hole mobilities of the blend film are in the order of
BHJ-2 > BH]J-3 > BHJ-1, which is similar to that of the random
double-cable conjugated polymer. However, the electron
mobilities of the blend film increase continuously with
enhanced acceptor content, which is different from that of the
double-cable conjugated polymer. This difference may be
attributed to the unique microstructure of the random double-
cable conjugated polymer.

We further explore the difference in exciton dissociation
between SCOSCs and BHJOSCs, using P2 and PBDB-T:s-DCPIC
as active layers due to their similar D/A mass ratio. Photo-
luminescence (PL) was used to study the quenching efficiencies
in P2 and BH] films. The exciton quenching efficiencies in the
donor phase of BHJ and P2 films are almost 100% (as shown in
Fig. S11at), so the exciton dissociation of the two devices is
mainly determined by the quenching efficiencies of excitons in
the acceptor phase. As shown in Fig. S11b,{ compared to the
50% quenching efficiency of the excitons in the s-DCPIC phase
of the BH] film, the excitons in the s-DCPIC phase of the P2 film
have a 65% quenching efficiency, which should be related to the
more ordered molecular stacking in the P2 film.

We noticed that P1- and P2-based SCOSCs exhibited similar
Vocs of ~0.738 V, while P3-based cells showed a lower Vg of
~0.717 V, which may be related to different voltage losses (Vioss)-
Therefore, we performed electroluminescence (EL) and highly
sensitive EQE (SEQE) measurements to determine the energy of
the charge transfer state (Ecr) of the solar cells by using Marcus

Table 3 Characteristics of voltage losses in these polymers

Polymers Ecr (V) Viess” (V) EQEg AVL,E (V) AV (V)
PBDB-T:s-DCPIC  1.49 0.70 3.22 x 107* 0.20 0.50
P1 1.48 0.74 4.07 x 107* 0.20 0.54
P2 1.46 0.72 2.48 x 107* 0.21 0.51
P3 1.49 0.77 1.27 x 107* 0.22 0.55
“ Determined from Ecr/q — Voc. b Determined from EQEg..

¢ Determined from Vjoss — AVpr.

12240 | J Mater. Chem. A, 2023, 11, 12236-12244
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theory,® and the statistics are summarized in Table 3. The
detailed procedure is provided in the ESI.f Devices studied in
this work showed different E.s, as 1.49 eV for PBDB-T:s-DCPIC,
1.48 eV for P1, 1.46 eV for P2, and 1.49 eV for P3, respectively
(Fig. 2d-f and S127). These Ecr values are higher than those
reported for s-DCPIC-based devices which showed an Ecr value
of 1.44 eV, so they have a larger Vi, of 0.70-0.77 eV (the
difference between Ecr/g and V.., where q is the elementary
charge). Interestingly, the EQEg;, (sensitive EQE spectra calcu-
lated from the EL spectra, Fig. S137) of the devices is more than
10 times higher than that of devices based on s-DCPIC, indi-
cating a lower non-radiative recombination loss (AV,,). There-
fore, a higher radiative recombination loss (AV;) with values of
0.50-0.55 €V was observed in the devices, which is consistent
with NDI-based devices.” Moreover, these three SCOSCs exhibit
different Ecr and AV, values, resulting in different voltage los-
ses. As mentioned above, compared with P1 and P3 films, P2
films should have more ordered molecular packing motifs, and
the more ordered the interfacial order is, the smaller the CT
state energy will be;** therefore, P2-based devices should have
smaller Ecy. From the Eqp results of the three SCOSCs, as shown
in Table 3, the P2-based device indeed has the smallest Eqp
value. Since Vioss = Ect — Voo, among the three SCOSC devices,
the P2-based device with the smallest Ecr has the lowest Vjgss.
Another noteworthy point is that disordered stacking leads to
substantial broadening of the density of electronic states (DOS)
of the photoactive layer;**® therefore, the highly ordered P2-
based active layer should have narrower DOS, resulting in
smaller AV, for the device.*” However, the relative disorder in
P1- and P3-based active layers leads to larger AV, and Vjogs.

Atomic force microscopy (AFM) was performed to study
these polymers' surface morphology. Fig. S147 shows a smooth
surface in the PBDB-T:s-DCPIC blended films with a root-mean-
square (RMS) roughness value of 0.846 nm. Thin films of these
double-cable polymers show a relatively rough surface with RMS
values of 1.01-1.16 nm and fiber-like phase separation (Fig.
S151). We then used two-dimensional wide-angle grazing-
incidence X-ray scattering (GIWAXS) measurement to further
study the phase separation of these copolymers (Fig. 3) and the
crystallographic parameters are summarized in Table 4 & S7.}
As shown in Fig. 3a and g, the donor backbone PBDB-T
exhibited a preferential face-on orientation as indicated by in-
plane (IP) lamellar (200) peaks, (002) backbone repeat peaks,
and out-of-plane (OOP) t—7 (010) peak. The TPDIC acceptor has
a highly crystalline phase with three-dimensional structural
order as indicated by a large number of sharp peaks with many
of these peaks located off-axis. The appearance of the IP peak at
g ~ 1.65 A~ matches with the characteristic position of the -7
stacking peak, indicating the edge-on orientation of TPDIC
(Fig. 3b and g). The plentiful, sharp multiple peaks both in the
IP and OOP directions have suggested a complicated unit cell
and highly crystalline nature of the TPDIC film, as reported in
many single-crystal structures of non-fullerene acceptors.*®*
However, physically mixed PBDB-T and s-DCPIC simultaneously
disrupt the packing of both the donor backbone and acceptor
unit (Fig. 3c and g), which can help to explain the low perfor-
mance in PBDB-T:s-DCPIC-based OSCs.

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 GIWAXS profiles on the Si substrates of (a) PBDB-T, (b) TPDIC, (c) PBDB-T:s-DCPIC, and (d and f) P1-P3 thin films. (g and h) In-plane and

out-of-plane plots of the corresponding GIWAXS images.

All three copolymers exhibited a preferential “face-on”
orientation with IP lamellar (%200) peaks, (002) backbone repeat
peaks, and OOP (010) peaks, as shown in Fig. 3d-f. The corre-
sponding IP and OOP line cuts of these patterns are shown in
Fig. 3h. For the OOP direction, all three polymers showed the
(010) peak at ¢ = 1.74 A™*, which coincides with the location of
the -7 stacking peaks of both the PBDB-T polymer and TPDIC
acceptor in Fig. 3a-b. The CL values of the (010) diffraction
peaks are 3.11 nm, 3.13 nm, and 2.99 nm for double-cable
copolymers P1, P2, and P3, respectively (Table 4), indicating

This journal is © The Royal Society of Chemistry 2023

different ordering in the (010) direction. For the IP direction, we
denoted the peakat g ~0.13A7*,0.24 A7, 0.34 A" and 0.65 A™*
as Q1-Q,, respectively. The peaks Q;-Q; are related to the
lamellar packing behavior for the double-cable molecular
structure and peak Q, is identified as a backbone stacking peak
matching that found in the donor polymer PBDB-T. According
to the GIWAXS profiles of PBDB-T and TPDIC in Fig. 3g, we
speculate that there are at least two modes of packing in the film
state: one form (phase I) where the acceptor units are highly
organized (the existence of Q; and Q,) at the expense of

J. Mater. Chem. A, 2023, 1, 12236-12244 | 12241
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Table 4 Crystallographic parameters of the double-cable conjugated
polymer thin films

Q3 (010)
qo o o o
Polymers (A™") d@A) CL*(m) ¢g@A ") d(A) CL*(nm)
P1 0.324 38.79 6.88 1.74 3.61 3.11
P2 0.342 36.74 10.57 1.74 3.61 3.13
P3 0.347 36.21 11.46 1.74 3.61 2.99

“ CL (coherence length) = 27tk/fwhm, where k is the shape factor (here it
is 0.9).

backbone planarity (reduced intensity of Q,); other regions
(phase IT) where the backbone is highly ordered (strong Q, peak)
but the acceptor units and side-chain ordering are more disor-
dered (broader Q; peak that appears at lower g). For these
copolymers, phases I & II existed in all copolymers with different
relative contents. Peak Q; was enhanced from P1 to P2 and P3,
and meanwhile the Q, peak only appeared in P2 and P3. This is
reasonable since P2 and P3 have more TPDIC contents than P1,
which may enhance the phase I contents and electron-
transporting ability. Moreover, we summarized the calculated
crystallographic parameters of Q,-Q, and the (010) peak in
Tables 4 and S6.7 We infer that, in thin films, there is compe-
tition within the backbone ordering and acceptor units

View Article Online

Paper

Table 5 Fit parameters obtained from global fits to the ns—us charge
carrier recombination dynamics in SCOSC films. Here f is the fraction
of free charge carriers, A + 1 is the apparent non-geminate recombi-
nation order, v is the non-geminate decay rate, and @ is the effective
bimolecular recombination coefficient calculated for a carrier density
of 1 x 10 cm~3

Parameter P1 P2 P3
f 0.86 0.96 0.83

1-f 0.14 0.04 0.17

A+1 2.25 2.51 2.55

¥ 1x 1071 1.8 x 10 1x10°*
8 9 x 10 2.6 x 10713 7.9 x 1013

ordering, resulting in different phase I and phase II contents as
well as charge-transporting properties. This result emphasizes
the importance of the donor/acceptor segment ratio in con-
structing effective charge transport pathways.

To determine the photo-generated charge carrier dynamics,
we performed transient absorption (TA) spectroscopy over
a wide temporal (picosecond to microseconds) and spectral
energy (2.2 eV-0.7 eV) range using our home-built pump-probe
spectroscopy setup.*® Positive AT/T signals represent ground
state bleaching (GSB), while negative AT/T signals indicate
regions of photo-induced absorption (PA) regions. Fig. 4a-c

4
a)* b)
—1-2ps —1-2ps
——2-5ps ——5-10ps
S 2| ——25-50ps k= 2F 50 - 100 ps
= | 1000 - 2000 ps s; | 1000 - 2000 ps
<
ol = W
2 " i 2 " 1 " 1 " 1 A 1 " L
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c) 4 d e
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< f ! -
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=z P2
P1
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Time (s)

Fig.4 ps—ns TA spectra of (a) P1, (b) P2, and (c) P3 after exciting at 650 nm. (d) Integrated ps—ns TA kinetics of 1.35-1.45 eV and (e) 0.85-0.9 eV
spectral regions at 2 uJ cm™2. The region around 1.5 eV in the x-axis of ps—ns TA spectra is affected by the scattering of the 800 nm pump used
for creating white light. The ns—us TA kinetics (open symbols) of the 1.35-1.45 eV region (charges) of (f) P1, (g) P2, and (h) P3 for a wide range of
fluences as indicated in the legend. The solid line shows the global fit to the experimental data.
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show the picosecond-nanosecond (ps-ns) TA spectra of P1, P2,
and P3 films, respectively, measured under a dynamic vacuum
after photoexciting at 650 nm with 2 pJ cm 2. In all three cases,
a PA band at 1.15 eV was present immediately after excitation,
which we assigned to singlet exciton-induced absorption of
PBDB-T molecules (see Fig. S171 for TA spectra of neat films).
Within a few ps, the TA spectra evolved into broader and
distinct PA bands, which we assigned to charge carrier-induced
absorption. The charge generation continued until ~50 ps. The
shaded area under the spectra at 1-2 ns (blue line) indicates the
yield of charge carriers at 1-2 ns time. All three films showed
very similar charge generation rates and decay transients in the
ps-ns timescale (see Fig. 4d). Although all films showed similar
charge carrier dynamics, P1 and P3 showed the presence of
triplets at ~0.85-0.9 eV. A small rise in the kinetics after 500 ps
is visible for P1 and P3, which is absent in P2 (Fig. 4e, circled
with a grey shade). However, we note that the triplet formation
is comparably small and does not explain the significant PCE
differences between the devices. The charge carrier recombi-
nation is not completed at 2 ns; thus, we performed TA exper-
iments on the nanosecond-microsecond (ns-ps) time scale.
Fig. 4f-h show the charge carrier decay dynamics (ns-pus time
range) at various excitation fluences after photoexciting with
532 nm laser pulses. The corresponding ns-us TA spectra are
provided in the ESI in Fig. S18.1 The decay of the charge-
induced absorption is fluence independent at early times,
indicating geminate recombination of charge-transfer states,
and fluence dependent, indicating non-geminate recombina-
tion of free charges, at later times.*®** We parameterized the
decay dynamics using a well-established two-pool charge carrier
recombination model to quantify the recombination rates.*
Details of this model can be found in the ESI{ and our previous
studies.**** Here, we assumed the charge carrier cross-section to
be 1 x 107'° em™?, similar to values typically determined for
similar material systems.”* The fit parameters obtained from
the global fit to the carrier dynamics are listed in Table 5.

The fit to the two-pool model revealed that in P2, ~96% of
the charge carrier population are initially spatially-separated
charges, which can be extracted as photocurrent. In P1 and P3
films, the percentage of free charge carriers is lower (86% and
82%, respectively), indicating more geminate recombination,
which is directly related to the device performance differences.
Besides a reduced fraction of geminate recombination, P2
showed also a reduced non-geminate recombination coefficient
(8), indicating that free charge carriers are very long-lived and
thus can be extracted effectively. In contrast, the P1 and P3
exhibited rather high g values, indicating fast non-geminate
recombination of free charge carriers in addition to the larger
losses due to geminate recombination. The reduced recombi-
nation in P2 is due to the formation of favorable morphology
with good balance in backbone ordering and acceptor organi-
zation. This reduction in the recombination is well reflected in
the improvement of FF of P2.*" Overall, the TA results revealed
the mechanism and efficiency of charge carrier recombination
channels, and they indicate that carrier recombination (both
geminate and non-geminate) is the bottleneck in P1 and P3
films.

This journal is © The Royal Society of Chemistry 2023
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3. Conclusion

Random double-cable conjugated polymers with different
acceptor contents were applied to SCOSCs in this work. The
double-cable polymer with a medium content acceptor, coded
P2, gave the best PCE of 9.45%, while the polymers with lower
and higher content of acceptors, coded P1 and P3, showed
comparably smaller PCEs of ~6%. Further in-depth morpho-
logical and photophysical studies revealed that P2 has a good
balance in backbone ordering and acceptor organization, which
is beneficial for creating efficient charge transport pathways,
thus promoting the photovoltaic performance of SCOSCs.
Transient absorption spectroscopy demonstrated that polymers
P1 and P3 exhibit more geminate and faster non-geminate
charge carrier recombination than polymer P2. Our results
demonstrate that the copolymerization strategy is an important
method to control nanophase separation and construct efficient
charge-transfer channels for high-performance double-cable
polymer based SCOSCs.
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