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Abstract

In this study, two wide-bandgap PM7 polymer derivatives are developed via simple
structural modification of the fused-accepting unit by incorporating ester groups on
terthiophene at different positions (i.e., two ester groups on the outer thiophenes (PM7 D1) and
on the central thiophene (PM7 D2)). This simple modification creates a higher-energy light
absorption window, providing better complementary light harvesting with naphthalenediimide-
based acceptor, P(NDI2HD-Se). As a result, PM7 D1-based all-polymer solar cells (all-PSCs)
exhibit a high power conversion efficiency (PCE) of 9.13%, which outperforms that of the
PM7-based all-PSC (PCE = 6.93%). Importantly, the ester structural modification has
significant impact on the thin-film mechanical ductility and robustness. For example,
elongation properties of PM7 D1 and PM7 D2 pristine films are significantly improved by ca.
2.5 times compared to that of PM7. This result is attributed to the flexible ester groups, which
are able to effectively compensate for applied stress. The improved ductile properties of PM7
D1 and PM7 D2 also affect the mechanical ductility of the blend films, leading to 1.5-fold
increase in crack onset strain compared with that of PM7 blend film. Therefore, we demonstrate
that the introduction of ester groups in conjugated polymers provides a simple and promising

strategy for future stretchable electronics.
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Introduction

Polymer solar cells (PSCs) have attracted significant attention as one of the promising
next generation power sources due to their solution-processability, energy level tunability, and
mechanical flexibility.!* Recently, the power conversion efficiency (PCE) of PSCs has
dramatically increased to over 18% via the development of a variety of electroactive materials
and the optimization of device processing.>”” Among various efficient PSC systems, all-
polymer solar cells (all-PSCs), consisting of conjugated polymers as both the electron donor
(Pp) and acceptor (P,), have been recognized as power generators suitable for portable and
wearable electronics.®!! Due to facile tuning of the absorption and electronic energy levels of
both the Pp and P,, further improvement of the PCE can be achieved by enhancing the short-
circuit current density (Jsc) and the open-circuit voltage (Voc) simultaneously.!?-1¢ Also, all-
PSCs show intrinsically higher mechanical ductility and robustness due to the presence of tie
molecules and entangled networks from long polymer chains, compared to small molecule
acceptor-based PSC systems.!7-23

Naphthalene diimide (NDI)-based conjugated polymers are one family of P4’s that have
been extensively studied in all-PSCs due to their high electron affinity and electron mobility.>*
35 However, the NDI-based P,’s such as (i.e., poly{[N,N’-bis(2-octyldodecyl)-naphthalene-
1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5'-(2,2'-bithiophene)} (P(NDI2OD-T2) and
poly{[N,N'bis(2-hexyldecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-2,5-
selenophene} (P(NDI2HD-Se)) mainly absorb light at specific wavelength ranges near 350 nm
and 600-800 nm. Therefore, significant efforts have been made in the development of new
wide-bandgap Pp pairs to induce complementary absorption in the range of 400-600 nm as
well as desired morphological and electrical properties with NDI-based P,’s.3% 37 Typical

strategies to develop new wide-bandgap Pp’s include the synthesis of (i) donor (D)-acceptor
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(A) alternating copolymers by a combination of a strong electron donating D moiety and a
weak electron accepting A moiety, (ii) random terpolymerization incorporating two different
A units, and (iii) bicomponent random copolymerization with a controlled D:A ratio.3¥-#
Among them, the random sequence of D and A moieties of both (ii) random terpolymers and
(ii1) random copolymers could induce crystal defects and energetic disorder, which are often
detrimental to their electrical properties in the thin film.*> 4 Therefore, the design of new
regularly sequenced Pp’s by modification of either the D or A moiety is important to achieve
complementary light absorption with a P, without sacrificing electrical properties, and thus
achieving high-performance all-PSCs. For example, the bandgap and energy levels of PCE10,
which is a classic and representative low-bandgap Pp in the PSC community, was successfully
modulated by replacing the existing A moiety with new weak accepting units to develop
efficient PBDB-T and PTzBI Pp’s.3% 3% 45 However, there are limited choices of wide-bandgap
Pp’s that match well with NDI-based P,’s in terms of complementary absorption and
appropriate energy levels.

Ester-functionalized thiophene derivatives are promising weak electron accepting units
suitable for developing wide-bandgap Pp’s. Due to the electron-withdrawing effect of the ester
group, the Pp’s are expected to have: (i) deep-lying highest occupied molecular orbital
(HOMO) energy levels, thus resulting in a wide optical bandgap and smaller HOMO-HOMO
offset with a P,; (ii) strong electrostatic interactions with adjacent electron-rich atoms to
enhance polymer planarity, improving n-n intermolecular interactions and charge transport
ability;*0-43 (iii) their structure is simple, allowing easy access by straightforward and scalable
synthesis; and (iv) most importantly, it is known that the ester groups act as an internal
plasticizer and, therefore, the incorporation of those functional groups can increase the
mechanical ductility and flexibility of polymers. Ester-functionalized materials can also act as

an effective extender in blend systems and dramatically improve their ductile properties, which
4
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is an important requirement for their application in flexible and wearable solar cell devices.?"
21,4951 Considering that most efficient Pp’s (i.e., PBDB-T and PTzBI-Si) contain a rigid and
fused ring-based electron-withdrawing unit,3® 52 we envisioned that replacing this fused ring
acceptor with ester-functionalized thiophenes can provide a new structural motif for efficient
wide-bandgap Pp’s suitable for efficient all-PSCs with high mechanical stability and ductility.
In this work, we investigate two new Pp’s (PM7 D1 and PM7 D2) and apply them to NDI-
based all-PSCs. These two Pp’s are developed based on the structural motif of the efficient
poly[(2,6-(4,8-bis(5-(2-ethylhexyl-3-chloro)thiophen-2-yl)-benzo[ 1,2-b:4,5-b"|dithiophene))-
alt-(5,5-(1°,3’-di-2-thienyl-5",7’-bis(2-ethylhexyl)benzo[1°,2’-c:4’,5’-c’|dithiophene-4,8-
dione)] (PM7), but they contain an ester-functionalized terthiophene moiety with the esters
located at different positions, i.e., two ester chains on the first and third thiophene units,
respectively (PM7 D1), and two ester chains on the central thiophene unit (PM7 D2). As the
rigid fused-accepting moiety of 5,5-(1°,3’-di-2-thienyl-5°,7’-bis(2-ethylhexyl)benzo[1°,2’-
c:4’,5’-c’]dithiophene-4,8-dione (BDD) in PM7 is removed and substituted with ester
functionality, the bandgaps of both PM7 D1 and PM7 D2 are successfully enlarged compared
to that of PM7, which produces complementary light absorption with the P(NDI2HD-Se) Pa
in all-PSCs. As a result, the Jgc is significantly increased in PM7 D1- and PM7 D2-based all-
PSCs compared to that of PM7-based all-PSCs. In particular, the PM7 D1-based all-PSC
demonstrates the highest PCE of 9.13% with a Jsc value of 13.27 mA c¢cm™2, which outperforms
the reference PM7-based all-PSC (PCE= 6.93%). The successful enhancement of PCEs in PM7
D1-based all-PSCs is also attributed to their high charge carrier mobilities. Importantly, the
PM?7 D1- and D2-based pristine and blend thin films exhibit much higher mechanical ductility
than the PM7-based thin films, which is mainly attributed to the absence of a rigid fused-
accepting unit and the availability of stress relaxation of the ester alkyl side chains in PM7 D1

and PM7 D2. Overall, our work provides a simple and effective molecular design strategy to
5
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develop wide-bandgap Pp’s to enhance both the performance and mechanical robustness of all-

PSCs.

Results and Discussion

Fig. 1 shows the polymer structures, thin-film UV-vis absorption spectra, and energy level
alignment of the three different Pp’s and P, used in this study. When designing the new Pp’s,
we aimed to tune the absorption window and energy level while minimizing the influence on
other polymer properties. Accordingly, ester side chains were introduced on terthiophene to
realize new wide-bandgap Pp’s with a deep-lying HOMO energy level. In addition, it is
expected that replacing the rigid fused ring of BDD with flexible functional groups could
enhance the intrinsic mechanical flexibility.3* Two differently modified acceptor monomers of
PM7 D1 and PM7 D2 were synthesized following a previous procedure.>* Polymerization using
Stille cross-coupling between 4,8-bis(4-chloro-5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-
b:4,5-b"|dithiophene-2,6-diyl)bis(trimethylstannane) and each acceptor monomer (BDD and
two different ester-functionalized derivatives) was performed to isolate PM7, PM7 D1, and
PM7 D2, respectively (Fig. 1a). Detailed polymerization conditions are described in the
Supplementary Information and the chemical structures were confirmed by 'H NMR and
elemental analysis. The Pp’s properties used in this study are summarized in Table 1. The
number-average molecular weight (M,) and the dispersity (P) of the P, used here (P(NDI2HD-
Se)) is 98 kg mol ! and 2.7, respectively, and M, values of all the three Pp’s were controlled to
be similar (40-50 kg mol™!) in order to minimize its effect on their polymer properties (Fig.
S1). The three Pp’s showed onset points of polymer degradation at between 334 and 375 °C in

thermogravimetric analysis and no distinct thermal transition was observed in differential
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scanning calorimetry (DSC) measurements, indicating that all the three Pp’s are mainly
amorphous in character (Fig. S2).
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Fig. 1 (a) Polymer structures, (b) normalized thin-film absorption spectra, and (c) energy level
diagram of PM7, PM7 D1, PM7 D2, and P(NDI2ZHD-Se); the LUMO energy levels of all
polymers and HOMO energy levels of Pp’s were calculated versus Fc/Fc™at —5.12 eV. HOMO
energy level of P, was calculated by subtracting optical bandgap from LUMO energy level.

Table 1 Basic characteristics of Pp’s.

R I
PM7 Dl 39.6 2.7 544 7.7x104 1.95 -574 —-334 350
PM7 D2 45.8 2.2 535 7.8x104 1.98 —-5.67 —332 334

PM7 50.5 23 608 7.3x104 1.84 —-574 —3.41 375

3 Measured from UV-vis absorption spectra using an as-cast film. ® Calculated from onset point of oxidation in
DPV curve versus Fc/Fct at —=5.12 eV. 9 Calculated from onset point of reduction in DPV curve versus Fc/Fc* at
—5.12 eV.
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Fig. 1b shows normalized thin-film UV-vis absorption spectra of the three Pp’s and Pa.
All the Pp’s show similar absorption coefficients. However, as the BDD acceptor unit was
replaced with ester alkyl groups, the absorption profile was blue-shifted from 450-650 nm for
PM7 to 400-600 nm for PM7 D1 and PM7 D2. These results are mainly attributed to utilization
of oligothiophene functionalized with ester alkyl side chains instead of a fused-accepting
moiety.>> Therefore, PM7 D1 and PM7 D2 exhibit better complementary absorption with
P(NDI2HD-Se) compared to that of PM7 due to the blue-shifted absorption spectra, which may
contribute to improved Jsc in all-PSCs. Next, differential pulsed voltammetry (DPV) was
performed on the polymer thin films to estimate their ionization energy (IE) and electron
affinity (EA) from the onset potentials (Fig. 1¢).>* The first scan of a fresh film was used to
estimate the oxidation and reduction potentials to eliminate errors due to changes in film
morphology and swelling effects that occur due to repeated electrochemical cycling.’® The
HOMO and lowest unoccupied molecular orbital (LUMO) energy levels of the Pp’s and Py
were determined by the onset of oxidation and reduction, respectively (Fig. S3). The
HOMO/LUMO energy levels of PM7, PM7 D1, and PM7 D2 were estimated to be
—5.74/-3.41, —5.74/-3.34, and —5.67/-3.32 eV, respectively. The LUMO energy level of
P(NDI2HD-Se) was —4.30 eV obtained from the reduction potential, and the HOMO level of
P(NDI2HD-Se) was roughly estimated to be —6.04 eV by subtracting the optical bandgap from
the LUMO level. Although this method does not consider the exciton binding energy, it is
commonly accepted in the case where oxidation potential is not observed.”” The DPV
measurements show that both PM7 D1 and PM7 D2 have larger bandgaps of 2.40 and 2.35 eV,
respectively, compared to that of PM7 (2.33 eV), which agrees with their measured optical
bandgap trends (Fig. 1b). Here, we note that the IE, and thus the HOMO level, is nearly

identical for PM7 and PM7 D1 maintaining small HOMO-HOMO offset with P(NDI2HD-Se),
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which suggests their Voc will be similar. On the other hand, PM7 D2’s HOMO level is higher
which will most likely translate to a lower V.

Next, PM7 and the two PM7 derivatives were blended with the P(NDI2HD-Se) acceptor
to fabricate all-PSCs. Solar cells were fabricated with a conventional device structure of indium
tin oxide (ITO)/poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS)/active
layer/poly[(9,9-bis(3'-((N,N-dimethyl)-Nethylammonium)propyl)-2,7-fluorene)-alt-5,5'-
bis(2,2'-thiophene)-2,6-naphthalene-1,4,5,8-tetracaboxylic-NV,N'-di(2-
ethylhexyl)imide]dibromide (PNDIT-F3N-Br)/Ag. The detailed fabrication conditions for each
blend system is described in the experimental section. Fig. 2a presents the current density—
voltage (J-V) characteristics measured under AM 1.5G illuminating at 100 mW cm 2 and the
photovoltaic parameters are summarized in Table 2. A histogram of PCEs counts for the
devices was plotted with more than 10 device results (Fig. 2b), where all the systems showed
a Gaussian distribution for PCE with a small standard deviation. The average PCE was found
to increase from 6.64% for the PM7-based all-PSC to 8.86% for the PM7 D1-based all-PSC.
The champion cell based on PM7 D1:P(NDI2HD-Se) exhibited a PCE of 9.13% with a V¢ of
1.00 V, a Jsc of 13.27 mA cm 2, and a FF of 0.68, which outperformed those of both PM7 and
PM7 D2-based all-PSCs. The main reason for the Jyc enhancement for the PM7 D1 blend film
is the strengthened light harvesting ability in the 400-550 nm region as a result of the blue-
shifted absorption profile of PM7 D1, which generates better complementary light absorption
with P(NDI2HD-Se). This observation is well-supported by external quantum efficiency
(EQE) spectra (Fig. 2¢). The PM7 D1-based all-PSCs exhibited the highest EQE value of 79%
at 500-600 nm. This is important as there are few all-PSC systems reported to date showing a
comparably high EQE value of ~ 80%.3% 38 In the case of PM7 D2-based all-PSCs, the Vo was
slightly lower than the other blend systems due to the higher HOMO energy level. Furthermore,

despite the blue-shifted absorption of PM7 D2, the enhancement of Jsc (11.45 mA c¢cm™2) in
9
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PM?7 D2-based-all-PSCs was not significant. Rather, the FF value is decreased, resulting in a
lower PCE value (6.16%) compared to those of PM7-based and PM7 D1-based all-PSCs. A
detailed explanation for the different FF values is provided in the next section. It is evident
from the device results that the location of the ester groups in the PM7 backbone led to

significantly different photovoltaic behaviours.

10
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Fig. 2 (a) J-V curves, (b) histogram of counts for PCE, and (c) EQE spectra of the all-PSCs
blended with P(NDI2HD-Se) Pj.
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Table 2 Photovoltaic performances of all-PSCs blended with P(NDI2HD-Se) Pa.

VOC 3) J; SC 2) FF 2) PCEavga) (PCEmax)

Active layer %) (mA cm2) (-) (%)

PM7 DI 1002001  1321£027  0.67+001 886029 (9.13)
blend

PM7 D2 0954001 1145048  0.56+0.02  6.16%0.17 (6.46)
blend
PM7
o 1.00£0.01  1041+£026 064001  6.64+022(6.93)

) The average values were determined from measurements of more than 10 devices.

To probe the differences in the photovoltaic response, we first examined the structural and
morphological properties of the three different all-polymer blends by performing grazing
incidence wide angle X-ray scattering (GI-WAXS) and resonant soft X-ray scattering (RSoXS)
analyses (Fig. S4). It was observed in the GI-WAXS results that all the blend films have face-
on orientations with (100) peaks at g,,= 0.26-0.28 A~! in the in-plane direction and (010) peaks
at g;= 1.70 A~! in the out-of-plane direction. Also, the crystal coherence length values based
on the (100) peaks were estimated for each crystalline blend to be 80-90 A, indicating similar
crystalline characteristics in all of the blend films. When we examined the blend morphology
by RSoXS, all the blend films showed similar domain spacing (20-30 nm) (Fig. S4¢). We
selected a photon energy of 284.0 eV for the incident light in the RSoXS measurements, which
maximizes material contrast between the different donors and acceptor.’® Thus, the combined
morphological results of GI-WAXS and RSoXS indicate that substituting the BDD moiety with
ester-functionalized terthiophenes, and changing the position of the ester groups had no
significant influence on their blend morphologies in terms of crystalline ordering, orientation,
and the degree of phase separation in the all-polymer blends.

Next, we measured and compared charge mobilities of the blend films using space-charge-

limited current (SCLC) measurements (Table 3).° PM7 D1 and PM7 blend films showed
12
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relatively higher hole mobilities (up,) (1.0 x 1073 and 1.2 x 1073 em? V™! 571, respectively) as
compared to that of the PM7 D2 blend film (0.6 x 1073 cm? V~!s71). Higher energetic disorder
of PM7 D2 might have caused more unfavorable charge transport ability, which is consistent
with the previous report.>* The lowest u;, and relatively unbalanced s/, ratio in the PM7 D2-
based blend can explain the reason for low FF (below 0.60) as compared to the other all-PSC
systems.®! To investigate the effect of the charge transport abilities on their device
performance, free charge recombination and collection behaviours were examined by
dependence of Jsc on light intensity (P) and photocurrent density (J,,) against effective voltage

(Vetr), respectively. It is known that Jsc follows a power law relationship against P (Jsc &< P%),

and the slope () of In (Jsc) versus In (P) is close to unity when bimolecular recombination is
negligible at short-circuit condition.®> The PM7 D1 and PM7 blend films showed an « value of
almost unity whereas PM7 D2 value was slightly lower (0.95) (Fig. 3a). Thus, unlike the cases
for both PM7 D1 and PM7 blend films, the PM7 D2 blend film might have suffered from
bimolecular recombination and limited the Jgc and FF values. Moreover, when we
quantitatively investigated the free charge collection behaviour, both PM7 D1 and PM7 blend
films showed a higher exciton dissociation probability (P(E,T)) with values over 95% as
compared to the PM7 D2 blend film (84%) (Fig. 3b). Overall, the charge transport and
collection properties support the large enhancement of Jsc and FF in the PM7 D1-based all-

PSCs compared to those of the PM7 D2-based all-PSCs.

13
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Fig. 3 (a) Dependence of Jsc on light intensity (P) and (b) photocurrent analysis of all-PSCs.

Table 3 SCLC hole and electron mobilities of all-PSCs.

Active layer (cm? @}11 1) (cm? {t;il 1) Ue/ttn
e 1.0 x 10°5 3.6 % 1079 36
Plt\)/gn]f 0.6 x 10~ 2.9 % 107 48

;ﬁﬁ 1.2 % 10 3.1 % 10°5 2.6

Importantly, in Fig. 3b, we note the saturated Jyp, (Jsa) value of the PM7 D1 blend film
was significantly larger (14.27 mA cm™2) compared to that of PM7 (11.08 mA c¢cm™2), although
they exhibited similar P(E, T) values. To gain deeper insight into the relationship between the
light absorption characteristics of the PM7 and PM7 Dl-based blend films and their
photocurrent generation in all-PSCs, the maximum rate of exciton generation (Gy.x) wWas
calculated from a photocurrent analysis and compared. In the saturated regime, the
photocurrent is given by Ju= ¢Gnaxl, Where g is the electric charge and L is thickness.53-6
Assuming that all generated excitons are dissociated and collected by an electrode at a high
electric field, Gy, is only governed by the number of absorbed photons. (G, of the PM7 D2

blend was not calculated because Jy, value was unsaturated due to its recombination

14
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behaviour.) When we estimated the G,,,,x from the above equation, the PM7 D1 blend showed
a significantly higher G, value 0f 9.2x10%” m3 s™! than that of PM7 (7.3x10?” m—3s™!). Thus,
these results indicate that complementary absorption is important to harvest more photons to
generate a substantial amount of excitons and subsequent free charges. To investigate how light
absorption of the photoactive components contribute to the resulting photocurrent, partial EQE
and Jsc contributions of donor and acceptor components were estimated and compared for PM7
D1, PM7 D2, and PM7 blend films (Fig. 4 and Table 4).37-4! Partial EQE values of the donor
and acceptor components in each blend film were calculated from the fractional contribution
factor of the donor (Cp) and acceptor (C,) absorbance to the total absorbance of each blend
film as shown in Fig. S5 and Table S1. The partial photocurrent contributions of the donors
and acceptor were determined from integrating the partial EQE of each component multiplied
by the AM 1.5G spectrum. The Pp’s photocurrent contribution in their respective blend film
was improved from PM7 (8.38 mA cm2) to PM7 D2 (8.88 mA c¢cm™2), to PM7 D1 (9.47 mA
cm2). PM7 D1 exhibited Jsc contribution 13% higher than that of PM7. This result can be
explained by the enhanced absorption of photons by PM7 D1 and PM7 D2 in the wavelength
range of 400-550 nm, where P(NDI2HD-Se) does not competitively harvest light with the Pp’s.
Therefore, simultaneously achieving a broad light complementary absorption window with
efficient charge collection and suppressed recombination is important to realize high-

performance all-PSCs with enhanced Js¢ and FF.
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Fig. 4 Measured EQEs of the blend films and the calculated partial EQEs from each donor and

acceptor for the (a) PM7 D1, (b) PM7 D2, and (c) PM7 blend films.
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Table 4 Calculated photocurrent contribution from fractional absorbance of donor and acceptor
in the PM7 D1, PM7 D2, and PM7 blend films.

Calculated Jgc contribution of Calculated Jyc contribution of
Active layer donor acceptor
(mA cm™) (mA cm )
PM7 D1 blend 9.47 2.58
PM7 D2 blend 8.88 1.94
PM7 blend 8.38 2.36

Next, we investigated the effect of the Pp’s structural modification with regard to the thin-
film mechanical properties of the pristine and all-polymer blend films (Fig. 5 and Fig. S6). The
blend films were prepared by their optimal conditions for device fabrication, yet without the
use of solvent additives and thermal annealing, to elucidate their intrinsic properties. When
considering the future applications of PSCs as wearable and stretchable devices and their
stability during operation, the importance of tensile properties should be amplified.? '8, 20-22, 66
Thus, we evaluated intrinsic tensile properties of the thin films utilizing the pseudo free-
standing tensile test which enables measurements without distortion from the effect of a
substrate.! 67-%° In detail, all the polymer films were initially prepared with a similar thickness
of around 100 nm on polystyrenesulfonate (PSS)-coated glass substrates.®”> % 70. 71 Since the
PSS layer dissolves readily in water, it acts as a sacrificial layer, allowing the polymer thin
films to be separated from the glass substrates creating free-standing films by floating them on
the surface of water. For PM7 D1 and PM7 D2, ester side chains were introduced to increase
the intrinsic chain flexibility due to the elastic characteristics of ester-functionalized
polymers.#% 3% 72 Indeed, we observed that the three Pp’s cast as thin films have markedly
different tensile behaviours. PM7 exhibited relatively brittle characteristics with high stress
over 50 MPa but small crack onset strain (COS) values around 20%. In contrast, the PM7 D1

and PM7 D2 thin films showed highly improved ductile properties with dramatically enhanced
17
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COS values (47% and 58%, respectively). The much higher COS values of PM7 D1 and PM7
D2 originate from the replacement of the fused ring structure of BDD with flexible ester side
chains, which can provide possibility of relaxation against applied stresses compared to the
rigid BDD moiety in PM7.3% 33.72 The slightly higher COS value of PM7 D2, relative to PM7
D1, is likely due to its intrinsic chain flexibility originating from its disrupted backbone
planarity by the large steric hindrance of the two closely located ester groups.?> 73 To support
this hypothesis, plane-to-plane angles of the polymer backbones were compared using Spartan
14 package (Fig. 6), showing that PM7 D2 has a much larger angle (70°) between the first and
third thiophenes than that of PM7 D1 (22°). This large plane-to-plane angle between the
adjacent repeating units is expected to bring increased disorder to the polymer chain, increasing

the backbone flexibility and ductility of the resulting material.”

(a) (b)

60+ 45+
& a0t =30
%) 7
@] O
O O

20+ 15|

0 0
PM7D1 PM7D2 PM7 PM7D1 PM7D2 PM7

blend blend blend
Fig. 5 COS values of the (a) pristine and (b) blend films (measured by pseudo free-standing

tensile test).
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Plane to plane angle : 22° Plane to plane angle : 70°

Fig. 6 Plane-to-plane angle of (a) PM7 D1 and (b) PM7 D2 estimated from density functional
theory (DFT) calculation.

A similar trend was observed in the blend films as compared to the pristine film. The PM7
blend films showed moderate ductility with COS values of 31%, while both the PM7 D1 and
PM7 D2 blend films showed much increased COSs of 43 and 47%, respectively. This suggests
that improvement in ductility of Pp’s is highly effective to increase the mechanical robustness
of the resulting active layers. To the best of our knowledge, the COS values of the PM7 D1
and PM7 D2 blend films are the highest among the reported all-PSC systems, to date, measured
from the free-standing tensile test as summarized in Table S2.!7 18757 Importantly, we note
that PM7 D1 achieved both a high PCE (9.13%) and a COS (43%), which indicates that this
blend system demonstrates a promising candidate for commercial applications into flexible and

stretchable organic electronics.
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Conclusions

In this work, we reported NDI-based all-PSCs utilizing wide-bandgap PM7 derivatives
(PM7 D1 and PM7 D2) as Pp’s, and investigated the relationship between their chemical
structures and various properties including the photovoltaic performance and mechanical
ductility. An ester-functionalized terthiophene was introduced instead of BDD in PM7, and as
a result, the absorption windows of PM7 D1 and PM7 D2 were blue-shifted, enabling
complementary light absorption with the P(NDI2HD-Se) acceptor. Thereby, a high PCE of
9.13% was achieved in the PM7 Dl-based all-PSCs mainly due to the enhanced
complementary light harvesting property and desirable charge transport ability. Particularly,
substitution of a rigid fused ring with flexible ester alkyl side chains altered the mechanical
properties of the conjugated polymer to be more ductile, resulting in much higher COS values
in the pristine and blend films. For example, elongation properties of pristine films based-on
PM7 D1 and PM7 D2 were significantly improved by ca. 2.5 times compared to that of PM7.
As a result, the COS values of the PM7 D1 and PM7 D2 blend films are the highest among the
reported PSC systems. Our results highlight the importance of developing the polymer donor
with enhanced light absorption and charge transport properties for highly-efficient all-PSCs,
and suggest a roadmap for designing conjugated polymers with high mechanical robustness for

the application into stretchable organic electronics.
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Experimental

All-PSC fabrication and characterization

Conventional type all-PSCs with a device structure of ITO/PEDOT:PSS/active layer/
PNDIT-F3N-Br/Ag were fabricated. The ITO-coated glass substrates were cleaned with
acetone, deionized water, and finally isopropanol in sonication. Then, the substrates were dried
in an oven at 80 °C for 30 min and treated with O, plasma. Then, the PEDOT:PSS solution was
spin-coated on the ITO substrates at 3000 rpm for 40 s with a ramp time of 0.1 s and thermally
annealed at 165 °C for 15 min in air. After the films were baked, the substrates were transferred
to a nitrogen-filled glove box. The blend solutions of PM7 D1, PM7 D2, and PM7 with
P(NDI2HD-Se) in chlorobenzene (17, 17, and 14 mg mL™!, respectively) with 1.5 vol% of 1,8-
diiodooctane were stirred for 3 h on a hot plate at 80 °C. The donor:acceptor ratio of each blend
solution was 2.5:1 (w/w). Then, they were spin-coated onto the ITO/PEDOT:PSS substrates at
2000 rpm for 40 s with a ramp time of 0.1 s. The thicknesses of the blend films were between
90 - 100 nm. After a thermal annealing treatment at 130°C for 10 min, PNDIT-F3N-Br was
spin-coated onto the top layers at 2500 rpm for 40 s with a ramp time of 0.1 s.8° Finally, the
Ag electrode (120 nm) was deposited by thermal evaporation under a high vacuum. The active
area of the fabricated device was 0.164 cm?, as measured by optical microscopy. The J-V
curves of the devices were measured using a Keithley 2400 SMU and solar simulator (K201
LABS55, McScience) under irradiance of 100 mW ¢cm™2 from a 150 W Xe short-arc lamp filtered
by an air mass 1.5 G filter, which satisfies the Class AAA, ASTM Standards. Light intensity
was calibrated with a Si reference cell (K801S-K302, McScience). EQE spectra were obtained
using a spectral measurement system (K3100 IQX, McScience Inc.). This system was equipped
with monochromatic light from a xenon arc lamp at 300 W filtered by an optical chopper (MC

2000 Thorlabs) and a monochromator (Newport). The calculated Jsc values were acquired by
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integrating the spectra of the EQE with the AM 1.5G solar spectrum, and the calculated values

agreed well with the measured Jsc, within 8% error.

SCLC measurements

Hole and electron mobilities of the blend films were acquired by the SCLC method using
device structures of ITO/PEDOT:PSS/polymer blends/Au (hole-only) and ITO/ZnO/polymer
blends/LiF/Al (electron-only). The blend films were prepared as described in the device
fabrication section above. A voltage range of 0-8 V was applied for the current-voltage
measurements, and the results were fitted to the Mott-Gurney equation:

9 V?
IscLc = ggfoliﬁ

where ¢ is the permittivity of free space (8.85x107'4 F cm™!), ¢ is the relative dielectric constant
of the active layer, u is the charge carrier mobility, V' is the potential across the device (V' =
Vapplicd = Vi — Vi, where Vy; 1s the built-in potential and V; is the voltage drop caused by the

resistance), and L is the thickness of the blend film.

Estimation of absorption and EQE contributions
It was assumed that the absorbance of each blend film (4g(A)) can be expressed by the

appropriate sum of absorbance of the donor and acceptor components according to Equation

137

Ap(h) = Cp Ap(A) + Ca Aa(D) (D
where Ag()) is the absorbance of each blend film, Ap(A) and 45(A) are normalized absorbance
of pristine polymer donor and polymer acceptor films, respectively. Cp and C, are the
wavelength-independent fraction factor of absorbance of donor and acceptor, respectively. We

solve the equations 2 and 3 for Cp and C, using the absorbance normalized to the maximum
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absorption peak of the donor and acceptor, Ap and Aa. In the case of the PM7 D1 blend film,
for example, the A, values of the PM7 D1 and P(NDI2HD-Se) pristine films are 544.5 and
350.5 nm, respectively.

AB(Mnax, donor) = Cb Ap(Amax, donor) + Ca A A(Amax, donor) (2)

ABO‘max, acceptor) = CD AD(}\'max, acceptor) + CA AAO"max, acceptor) (3 )

We assumed that the measured film absorbance is proportional to its absorption
coefficient and film thickness, which, in fact, is only valid for thick layers that follow the Beer-
Lambert law. However, when a back-reflecting layer is not present, the light absorbance of 100
nm-thick polymer films follows the Beer-Lambert law within a reasonably small deviation,
despite the wave-optical coherency expected for thin films.?! Fig. S5 displays the absorbance
contribution of PM7 D1, PM7, and P(NDI2HD-Se) in the blend films. Then, we use the
calculated Cp and Cj, to obtain the partial EQEs of donor and acceptor following Equation 4

and 5, respectively.*! It was assumed that all components have similar internal quantum

efficiencies.
EQEp(}) = EQEoai(}) X Cp Ap(A) / Ap(A) 4)
EQEA(M) = EQEai(A) X Ca Aa(}) / Ap(A) Q)

Pseudo-Free-Standing Tensile Test

Tensile test of thin films was conducted on water surface. Pristine and blend films were
prepared without any treatment in order to see the effect of structural modification. To float the
thin films on water, PSS-coated glasses were utilized as the substrates. (Here, the PSS acts as
a sacrificial layer. As PSS dissolves in water, the pristine and blend thin films are separated
from the glass substrate.) The specimens were patterned in the shape of a dog bone by a

femtosecond laser. After floating the patterned specimen, it was gripped by the PDMS-coated
23
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Al grips on the specimen gripping areas. The test of the patterned specimens was performed at
a strain rate of ~0.8 x 1073 s~! until fracture, to obtain the stress-strain curves. All tests were

performed under controlled conditions (relative humidity of ~30 % at 25 °C).
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