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ABSTRACT: In recent years, non-fullerene polymer solar
cells have attracted much attention due to their great potential
for achieving high power conversion efficiencies, and in
addition to the already existing donor polymers, varieties of
excellent acceptors have been developed. To further improve
the performance, the main challenge is now to identify perfect

donor—acceptor pairs with suitable electronic properties and
complementary optical absorption. In this article, we have

investigated a donor—acceptor alternating copolymer poly- ITO glass
[(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b:4,5- b’ﬁ) TR
dithiophene)-2,6-diyl-alt-(2,6-bis(5-bromo-4-(2-butyloctyl) ! sun light

thiophen-2-yl)benzo[1,2-d:4,5-d'|bis(thiazole))] with benzo-
[1,2-d:4,5-d'|bis(thiazole) (BBT) as the accepting unit and
benzo[1,2-b:4,5-b'|dithiophene as the donor unit. The polymer shows a wide band gap of 2.1 eV with absorption peaks at 515
and 554 nm, matching well with the strongest region of the solar radiation spectrum. A blend of this polymer with the narrow-
bandgap acceptor ITIC-F, (3,9-bis(2-methylene-(3-(1,1-dicyanomethylene)-6-fluoro-indanone))-5,5,11,11-tetrakis(4-hexyl-
phenyl)-dithieno[2,3-d:2,3'-d"]-s-indaceno[1,2-b:5,6-b'|dithiophene) (mixture with 7-fluoro-indanone isomer), as the active
layer in combination with a solvent vapor annealing process led to solar cells exhibiting a high efficiency of 13.3% with an open-
circuit voltage of 0.91 V, a short current density of 20.9 mA cm ™2, and a fill factor of 0.70. The solvent vapor annealing method
led to an improvement of the molecular packing, exciton dissociation, and charge transport, thus enhancing the power
conversion efficiency. It is noteworthy that external quantum efficiency spectra show excellent photoresponse, especially in the
wavelength range from 430 to 570 nm, demonstrating that this donor—acceptor combination efficiently absorbs in the
wavelength range where the solar radiation spectrum has its maximum. The results indicate that polymers based on BBT are
very promising candidates for high-performance non-fullerene polymer solar cells.

acceptors, especially the acceptor—donor—acceptor (A—D—

B ~TrRoODUCTION
A)-type small molecular acceptors (SMAs), have made great

In recent years, polymer solar cells (PSCs) have attracted
extensive attention due to their flexibility, light weight, and the
prospects of fast and cost-efficient large area production, also

progress during the last 3 years.””"” Compared with fullerene
acceptors, the major advantages of SMAs are that the
molecular structure can be easily modified and the energy

allowing nonstandard applications of photovoltaics such as
integration in wearable electronic devices.'”” The active layer
of PSCs is usually composed of donor and acceptor materials
with a bulk heterojunction structure, which is proved to be an
effective device structure to facilitate charge separation and

transport.”’ Traditional fullerene-based acceptor materials

levels can also be modulated as needed, which enable them to
exhibit a much better optical absorption ability and, especially,
the absorption range to be extended to over 900 nm.
Therefore, nowadays very efficient narrow-bandgap acceptors

have some inherent drawbacks, such as weak optical Received:  October 8,2018
absorption, difficulty in modification, and instability, which Revised:  January 14,2019
might hinder further development of PSCs.” Non-fullerene Published: January 16,2019
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Figure 1. (a) Chemical structures of PBB-T and ITIC-F, (b) solar radiation spectrum and UV —vis absorption spectra of PBB-T and ITIC-F in thin
films, (c) energy level diagram of PBB-T and ITIC-F, and (d) device architecture.

. —23 .
are available."*”” However, today one of the major challenges

in this field is to find the perfect partners from the vast number
of structures known in the literature. This is even more
complicated because many of them are only basically
characterized and thus their full photovoltaic potential is
unexplored. Regarding narrow-bandgap acceptors, finding
donor materials with complementary optical absorption is an
effective strategy to utilize the solar energy in an optimum
manner, and consequently some wide- bandgap polymers have
been studied as donor materials.””* Among them, the
polymers based on fluorobenzotriazole (FTAZ) and benzo-
[1,2-c:4,5- Clchthlophene -4,8-dione (BDD) are of high im-
portance.” " The correspondmg copolymers with benzo[1,2-
b:4,5-b"|dithiophene (BDT) exhibit their maximum absorption
above 600 nm. However, the strongest solar radiation region is
at a wavelength around 500 nm and the intensity is gradually
reduced in the longer wavelength region. Thus, polymers based
on FTAZ and BDD do not utilize the solar radiation spectrum
in an optimum manner, and consequently, the photoresponse
of solar cells with these polymers is limited in the region
around 500 nm.”"”

Benzo[1,2-d:4,5-d'|bis(thiazole) (BBT) is a weak electron-
withdrawing building block compared with FT'AZ and BDD,
which can be suitable for the construction of relatively large-
bandgap otganic semiconductors,”™ > and the absorption
peaks of some BBT-based polymers are generally at wave-
lengths between 500 and 560 nm, which is well matching with
the maximum region of the solar radiation spectrum.”
Furthermore, BBT-based polymers show good mobility and

durability in organic field-effect transistors™

and have also
been investigated in solar cells.” Based on this, it can be
expected that the combination of BBT-based polymers and
non-fullerene acceptors will lead to highly efficient solar cells.
In this work, we synthesized the copolymer poly[(4,8-bis(5-(2-
ethylhexyl)thiophen-2-yl)benzo[1,2-b:4,5-b'|dithiophene)-2,6-

diyl-alt-(2,6-bis(5-bromo-4-(2-butyloctyl) thiophen-2-yl)-
benzo[1,2-d:4,5-d'|bis(thiazole))] (PBB-T) with the alternat-

ing structure BDT-alt-T-BBT-T (for the chemical structure,

920

see Figure 1). The BDT-alt-T-BBT-T structural motif was

introduced by Bhuwalka et al. in short oligomers showing low

power conversion efficiencies (1.62%) in combination with

PCBM.”" By changing the side chains and optimizing the

polymerization conditions, we were able to synthesize the

polymer PBB-T with a high molecular weight for the first time.

The absorption peaks of PBB-T are located at 515 and 554 nm
with a wide optical band gap of 2.10 eV. Among the efficient
narrow-bandgap absorbers, ITIC-F was selected because it has

already shown high efficiencies in other donor—acceptor
systems " and has an almost perfect complementary absorption

profile. With this combination, solar cells with a high efficiency
of 13.3% were achieved with an open-circuit voltage (Vo) of
0.91 V, a short current density (Js) of 20.9 mA cm ™2 and a fill
factor (FF) of 0.70. These results indicate that PBB-T is a

promising wide-bandgap polymer donor material for non-

fullerene PSCs.

I RESULTS AND DISCUSSION

Synthesis. The synthetic procedure of the polymer PBB-T
is shown in Figure S1. The T-BBT-T unit (monomer 2) is
obtained by the reaction of 4-(2-butyloctyl)thiophene-2-
aldehyde and 2,5-diaminobenzene-1,4-dithiol in good yield
and subsequent bromination.”” 4-(2-Butyloctyl) side chains
were employed on the thiophene units to guarantee the
solubility of the polymer. Monomer 2 is then reacted with the
corresponding BDT unit (monomer 3) by a Pd-catalyzed Stille
coupling reaction to produce the polymer PBB-T. The
molecular weight of the polymer was measured by gel
permeation chromatography (GPC) using 1,2,4-trichloroben-
zene (TCB) as the solvent and polystyrene as the standard at
150 °C. The number-average molecular weight (M,) of PBB-T
shows a high value of 107 kDa with a polydispersity index
(PDI) of 2.52. The polymer is readily soluble at room
temperature in common organic solvents such as chloroform,
toluene, or chlorobenzene, but shows limited solubility in
tetrahydrofuran. The thermogravimetric analysis (Figure S2)
reveals a high thermal stability of PBB-T with a decomposition
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temperature (5% weight loss) of 352 °C. Differential scanning
calorimetry was performed and no obvious glass transition

was observed even when heated up to ‘1gure .
T bserved hen heated up to 260 °C (Figure S3

The lack of observable T, could be mainly attributed to the
rigid polyaromatic structure, "’

Photophysical and Electrochemical Properties. Figure
1b shows the absorption spectra of PBB-T and ITIC-F in films.
The polymer PBB-T exhibits two absorptionEpg ks at 515 and
554 nm-and shows a wide optical band gap (E ") of 2.10 eV
as calculated from the absorption onset at 591 flrn, which is in
the range of the strongest region of the solar radiation
spectrum and is wider than for polymers such as P3HT,”
PBDB-T,” or J61.”* Compared with the absorption in films,
PBB-T exhibits a slight blueshift (~2 nm) of the absorption
maximum in solution (Figure S4). An obvious shoulder peak is
also observed in solution. With increasing temperature, the
intermolecular interaction is broken and the shoulder peak
diminishes gradually along with a blueshift of the absorption
peak, indicating a strong intermolecular stacking interaction for
the polymer. A high absorption coefficient of 9.0 X 10*cm™
was determined for the polymer film (Figure S12). The solid
film of ITIC-F displays a strong absorption in the range
between 600 and 800 nm with an optical band gap of 1.55 eV.
The optical and electronic properties of the materials are
summarized in Table 1. It is obvious that donor and acceptor
materials exhibit complementary optical absorption, which is
beneficial for optimum sunlight hatvesting.

Table 1. Electronic and Optical Properties of PBB-T and
ITIC-F

opta opte

Moo (0m) a5 A Eo P EA  EA
materials film (nm) eV) V) eV) eV)
PBB-T 515, 554 591 2.10 5.40 3.17 3.30
ITIC-F 730 798 1.55 5.69 3.93 4.14

“Calculated from the absorption spectrum edge of films using the
equation E,%P*= 1240/ g "Measured by CV. ‘Estimated using the

equlationdEA"Pt =1P — E,™", where the exciton binding energy is
neglected.

The ionization energies of PBB-T and ITIC-F were
measured by electrochemical cyclic voltammetry (CV) with
ferrocene (4.8 eV) as the standard reference (Figure S5). The
ionization potential (IP) and electron affinity (EA) of PBB-T
are estimated to be 5.40 and 3.17 eV from the onset of the
oxidation and reduction potential. Accordingly, the IP and EA
of ITIC-F are 5.69 and 3.93 eV, respectively. The IP and EA
offsets of PBB-T:ITIC-F are 0.29 and 0.76 €V, respectively. It
is generally accepted that an energy level offset of 0.3 eV could
provide enough driving force for efficient exciton dissociation,
but it seems not necessary for non-fullerene PSCs."” To
confirm the exciton dissociation in the blend, photo-
luminescence (PL) spectra of a pristine PBB-T and a PBB-
T:ITIC-F (ratio 1:1.2) blend film were measured, as shown in
Figure S6. It is observed that the blend film shows a quenching
efficiency of 98.5% at an excitation wavelength of 500 nm,
indicating an effective electron transfer from PBB-T to ITIC-F.
Excited at 600 nm, the blend film shows a quenching efficiency
of 94.7% of the PL spectrum of ITIC-F, which indicates that
the holes can also be transferred efficiently from the acceptor
to the donor material.

Photovoltaic Properties. PSC devices were fabricated in
the configuration glass/ITO (indium tin oxide)/PEDOT:PSS

921

(poly(3,4-cethylenedioxythiophene):poly(styrene-sulfonate)) /

PBB-T:ITIC-F/PDINO (petylene diimide functionalized with
amino N-oxide")/Al (see also Figure 1d). The photovoltaic
performance of the devices was optimized and the detailed
results are shown in Table S1 in the Supporting Information.

Figute 2a shows cutrent density—voltage (J—V) cutves of
typical devices and the photovoltaic parameters are summar-

ERBTEEATYS BRSBTS,
a Vo of 092V, a Jsc of 19.7 mA ecm ™2, and an FF of 0.62 for
the device with an as-cast blend film. Solvent additives such as
1,8-diiodooctane and chloronaphthalene have not been
beneficial for improving the device efficiency. After thermal
annealing at 150 °C for 10 min, the PCE is improved to 12.8%,
with a slightly higher Vocof 0.93 V, a higher Jsc of 20.5 mA
cm % and an FF of 0.67. To further improve the efficiency,
solvent vapor annealing (SVA) is performed in a chlor-
obenzene atmosphere (Table S2). For this, after spin coating
the active layer, the devices were placed in an atmosphere of
chlorobenzene at 150 °C for 10 min (a detailed description of
the SVA procedure is given in the Supporting Information).
After that, the devices were completed by adding a PDINO
layer and the back contact. An excellent PCE of 13.3% is
achieved with a Vocof 0.91 V, a Jsc of 20.9 mA em™2, and an
FF of 0.70. This result indicates that the SVA treatment with
thermal annealing is an effective approach for improving the
device performance. Itis also noteworthy that all of the devices
generally exhibit high Jsc values of about 20 mA cm™?, whereas
mainly the FF was improved by the optimization of the
annealing conditions. The statistics of the PCEs of 20 devices
are summarized in Figure S11. It shows a narrow distribution
of PCEs around 13.2%, indicating the good reproducibility and
excellent performance of the PSCs. We have also synthesized
another batch of this polymer by a Pd(PPhj)s-catalyzed

reaction. The polymer shows a lower molecular weight of 71.4
K with a PDI of 2.63. With this batch, a lower power

conversion efficiency of 11.4% was obtained witha V. 0£0.91
oc

C
V, aJsc of 191 mA cm™? and an FF of0.66 with SVA
treatment, which demonstrates the importance of molecular
weight in the performance of solar cells.

External quantum efficiency (EQE) spectra of the devices
based on PBB-T:ITIC-F (1:1.2, w/w) ate shown in Figure 2b.
Both donor and acceptor materials conttibute effectively to
current generation. A high maximum EQE value of about 84%
is obtained with a wide photoresponse from 300 to 800 nm.
Importantly, the polymer donor exhibits high EQE values of
over 80% in the wavelength range of 430—570 nm, which
indicates the effective utilization of the strongest region of the
solar radiation spectrum. This, together with the high EQE
values in the absorption region of ITIC-F up to 800 nm, leads
to such high Jsc values. Solvent vapor annealing slightly
expands the photoresponse range, which is in accordance with
the UV —vis absorption data (Figure S7) and is beneficial for a
higher Jsc. The Jsc values integrated from the EQE spectra are
in good agreement with those measured from J—V tests within
a 5% error.

To investigate the exciton dissociation and charge collection
behavior of the PSC devices, the dependence of photocurrent
density (J,n) on the effective voltage (V) was measured,” as
shown in Figure 2c. [, is defined as J;, — Jp, where J; and Jp,
are the current densities under illumination and in the dark,
respectively. Vigis defined as Vy— Vi, where Viis the voltage
at which the current is zero and V), is the applied bias

DOI: 10.1021/acs.chemmater.8b04265
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Figure 2. Solar cell parameters for the devices based on PBB-T:ITIC-F (1:1.2, w/w): (a) J=V curves, (b) EQE spectra, (c) [, versus Vg
characteristics, and (d) dependence of V. on the light intensity.

Table 2. Photovoltaic Performance of the PSCs Based on PBB-T:ITIC-F (1:1.2, w/w) under the Illumination of AM 1.5 G,
100 mw cm ™

devices" Voc (V) Jsc (mA cm™?) FF PCE ax (%0) R.(Q cm?)© Ra (kQ cm?)’
as cast 0.92 (0.91 % 0.01) 19.7 (19.3 £ 0.2) 0.62 (0.59 % 0.02) 113 (11.1 £ 0.1)" 7.65 0.77
SVA® 0.91 (0.91 £ 0.01) 209 (205 % 0.3) 0.70 (0.68 # 0.02) 133 (13.2 £ 0.1)" 4.63 1.84

"The active layer thickness is about 110 nm. bAverage values with standard deviation were obtained from 20 devices. ‘Calculated from the inverse
slope at V = Ve of the J—V curves under illumination. “Calculated from the inverse slope at V = 0 V of the J—V curves under illumination.
‘Solvent vapor annealing in chlorobenzene atmosphere for 10 min.

voltage." Tt is observed that Jonincreased linearly at low values recombination is dominating, the slope is equal to 2kT/ q.45
of Vs and reached saturation (Ji,) at high Vg (=2 V), Figure 2d shows the semilogarithmic plot of V¢ versus P. The
suggesting that photogenerated excitons are dissociated into as-cast device shows a larger slope of 1.37kT/q compared with
free carriers and collected by the electrodes. The charge the SVA device (1.05kT/g), indicating that SVA suppresses
dissociation probability (P(E, T)) can be calculated from [/ trap-assisted recombination, which is beneficial for improving

Jea- Under short-circuit conditions, the P(E, T) of the as-cast the Jsc and FF values.
and SVA devices are 96 and 98% (Figure S8), respectively, Film Morphology Analysis. To understand the effect of
indicating that SVA is in favor of efficient exciton dissociation solvent vapor annealing on the film surface morphology,
and charge collection. tapping-mode atomic force microscopy (AFM) was employed
To investigate the influence of SVA on the charge to map the surfaces (Figure S9) of the PBB-T/ITIC absorber
recombination, the dependence of the V¢ on the light layets without and with SVA. Both films show similarly smooth
intensity (P) is estimated, which can be used to estimate the morphologies with root mean square (RMS) roughness values
extent of trap-assisted recombination in the device. In general, of 1.09 and 1.17 nm for the as-cast and solvent-annealed blend
the slope of Ve versus In P is equal to kT/q if bimolecular films, respectively. To investigate the crystallization behavior
recombination is dominating. However, if trap-assisted and molecular packing of PBB-T and the PBB-T/ITIC-F
922 DOI: 10.102/acs.chemmater. 8604265
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Figure 3. (a) Two-dimensional (2D) GIWAXS patterns and (b) scattering profiles for pristine PBB-T and blend films of PBB-T:ITIC-F. The

scattering profiles are shifted vertically for better visibility.

blend, grazing-incidence wide-angle X-ray scattering (GI-
WAXS) measurements were petformed. Thin films of PBB-T
and blends of the polymer with ITIC-F (spin coated on silicon
substrates) were examined before and after solvent vapor
annealing. Figure 3 presents the two-dimensional GIWAXS g-
patterns of the pristine polymers and blend films and the
corresponding in-plane and out-of-plane line-cut profiles.
Generally, an intense diffraction peak at ¢ = 3 nm™"in the in-
plane direction and a circle-like feature at § = 16—17 nm™'in
the out-of-plane direction are observed in the PBB-T
pristine films, which cotrespond to an interlamellar distance of
approximately 2.1 nm and a T—TT stacking distance of
approximately 0.38 nm. This diffraction feature is also
indicative of the preferred face-on orientation of the polymer
chains.

It is noteworthy that solvent vapor annealing increases the
crystallinity and ordering in the pristine film of PBB-T. This is
mainly indicated by the significant narrowing along with an
increased intensity of the peak at g = 3 nm™'in the in-plane
direction as can be cleatly observed in Figure 3b. By comparing
the full width half maximum (FWHM) of the Bragg peak at g =
3.0 nm™', it can be seen that after solvent annealing, the
FWHM decreases (from 1.3 to 0.78 nm "), whereas the peak
area increases from 0.70 to 0.92 (Gauss fit). Since the peak
area is proportional to the number of molecular planes that
participate in crystalline stacking,% it can be concluded that
the solvent-annealing procedure increases the crystallinity. The
peak width reflects the coherence length and indicates that the
crystal size and quality (coherence length) are increasing in the
gy direction (e.g., crystallites parallel to the surface) from 4.8 to
8.1 nm, which is in favor of achieving higher mobility.
Moreover, the higher degree of order in the solvent vapor-
annealed polymer films is supported by the fact that the
intensity of the circular extension (random orientation) of the
diffraction peak at g = 3 nm™!is reduced, suggesting a more
defined face-on otientation.

In the blend films of PBB-T and ITIC-F, the features
observed in the pristine polymer become much weaker, but are
still observable. After the solvent vapor annealing of the PBB-

923

'T/ITIC-F blend film, the features again become more intense

and defined. In addition, next to the diffraction peak atg = 3

nm™ ', which is extended to a circle-like pattern (already

present in the pristine polymer film), a second distinct circle-
like scattering is found at g = 4.1 nm™" in the GIWAXS images.
This correlates to a lamellar stacking distance of 1.5 nm and
originates most likely from ITIC-F phases in the blend films."’
The presence of scattering features characteristic of stacked
molecules of both components, PBB-T as well as ITIC-F,
indicates that phase-separated domains are formed as usually
observed for bulk heterojunction absorber layers. These
domains still have a certain degree of crystallinity, which is
further increased after solvent vapor annealing and typically
leads to better charge transport properties in the layer. Charge
carrier mobilities of PBB-T:ITIC-F blend films were measured
by using the space charge limited current (SCLC) method
(Figure S10). The hole (M)/electron (U, mobilities were
caleulated to be 2.70 X 107°/9.11 X 107 cm?V™"'s™' for the
as-cast and 1.93 X 107%/1.74 x 107" em®> V7' s7' for the
solvent vapor-annealed blend films, which are comparable to
the values for other conjugated polymers used in organic
photovoltaics.'” "> Solvent vapor annealing improved
both the hole and electron mobilities; especially the hole
mobility increased by neatly one order of magnitude, and the
ratio of M,/ H.is close to 1, which results in a more balanced
charge transport. Ordered packing, preferable orientation, and
balanced charge transport are assumed to synergistically
contribute to the high Jscand FF values of the solar cells.

B concuusions

In conclusion, we applied the wide-bandgap conjugated

polymer PBB-T based on benzobis(thiazole) (BBT) in non-
fullerene polymer solar cells. The polymer PBB-T exhibits an
optical band gap of 2.10 eV with absorption peaks at 515 and
554 nm, matching well with the strongest region of the solar
radiation spectrum. With the PBB-T:ITIC-F blends as the
active layer, high power conversion efficiencies of up to 13.3%
were obtained with a Ve of 0.91 V, a Jsc of 20.9 mA ecm ™

>
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and an FF of 0.70 in non-fullerene PSC devices. Solvent vapor
annealing effectively improved the molecular orientation and
crystallinity, charge carrier mobilities, and exciton dissociation,
which contribute to the amazing Jsc, FF, and efficiency. EQE

spectra exhibited high quantum efficiency values of over 80%
in the wavelength from 430 to 570 nm, indicating effective
utilization of the strongest region of the solar radiation, which
contributes to achieve these high Jsc values. This wotk has
shown that the combination of PBB-T:ITIC-F is an excellent

donor—acceptor pair and further device optimization might
increase the efficiencies to even higher values. In addition, the
benzobis(thiazole) unit is a promising building block for
constructing highly efficient polymers for non-fullerene solar
cells, especially considering its versatility in modifying the
molecular structure. The investigation on the performance of
modified BBT-based materials is currently in progress.

I EXPERIMENTAL SECTION

Materials and Measurements. All reactions were catried out in
an inert atmosphere. PBB-T” and ITIC-F" were synthesized
according to the literature methods. Other reagents were purchased
from commercial sources and used directly unless otherwise noted.
'"H NMR and C NMR spectra were recorded using a Bruker
AVANCE-III 600 spectrometer with tetramethylsilane as an internal
standard. The molecular weights of the polymers were measuted by
GPC using 1,24-trichlorobenzene (TCB) as the solvent and
polystyrene as the standard at 150 °C. Thermogravimetric analysis
was performed in an SDT Q600 setup with a heating rate of 10 °C
min~' under a nitrogen atmosphere. Cyclic voltammetry was
measured on a CHI660D electrochemical workstation in a solution
of tetrabutylammonium hexafluorophosphate (Bu,NPF,, 0.1 M) in
acetonitrile at a scan rate of 100 mV s~ . The three-electrode system
was composed of a glass carbon electrode coated with the sample film
as the working electrode, a Pt wire as the counter electrode, and a
saturated calomel electrode (SCE) as the reference electrode.
Potentials were referenced to the ferrocene/ferrocenium (Fc/Fc™)
couple by using ferrocene as the standard. Atomic force microscopy
measurements were performed using an Agilent 5400 AFM in tapping
mode under ambient conditions. UV—vis absorption spectra were
obtained on a Perkin Elmer Lambda 25 spectrophotometer.
Photoluminescence (PL) spectra were measured on a Perkin Elmer
L.8-50 luminescence spectrometer. All film samples were spin coated
on quartz glass substrates.

Fabrication of Photovoltaic Devices. Conventional PSC
devices were fabricated with the configuration of ITO/PE-
DOT:PSS/PBB-T:ITIC-F/PDINO/AL The ITO-coated glass sub-
strates with a nominal sheet resistance of 15 Q sq ™! were cleaned in
an ultrasonic bath with detergent, ultrapure water, acetone, and
isopropyl alcohol. After a 10 min oxygen plasma treatment, a thin
layer of PEDOT:PSS (30 nm) was spin coated onto the ITO anode
and then dried at 160 °C for 20 min. The polymer PBB-T and ITIC-F
were dissolved in chlorobenzene with a concentration of 7 mg mL ™"
for PBB-T. The solution was stirred for several hours at 90 °C and
spin coated on the PEDOT:PSS layer. The thickness of the active
layer was ~100 nm. Then, a thin layer of PDINO was spin coated
onto the active layer at 4000 rpm for 30 s from the methanol solution
(1.0 mg/mL). Finally, 100 nm Al layers were successively thermally
evaporated onto the active layer at a pressure of 4.0 X 107*Pa. The
active area of the device in this work was 0.1 cm? The current
density—voltage (J— V) characteristics were recorded with a Keithley
2420 source measure unit under AM 1.5G illumination (100 mW
cm™? from a Newport solar simulator. A standard silicon solar cell
was used to calibrate the light intensity. The external quantum

efficiencies (EQE) of the PSCs were measured using a certified
Newpott incident photon conversion efficiency measurement system.

Mobility Measurements. Hole-only or electron-only devices were

fabricated using the architectures ITO/PEDOT:PSS/PBB- T:ITIC-
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PDINO/AL for electrons. The mobility was extracted by fitting the

current density—voltage curves using space charge limited current
(SCLC), which is described by the equation

9 v

F/MoOs/Al for holes and ITO/ZnO/PBB-T:ITIC-F/
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where | is the cutrent, My is the zero-filed mobility, and €;and
€, are the permittivity of free space and relative permittivity of
the material, respectively. V is the effective voltage and d is the
thickness of the organic layer. The effective voltage can be
obtained by subtracting the

built-in voltage (V},;) and the voltage drop (V) from the
substrate’s series resistance from the applied voltage (V,,): V
= Vipl = Vi — V. The hole and electron mobilities can be
calculated from the slope of the J'/2—V cutves.

GIWAXS Characterization. For the 2D-GIWAXS character-

izations, thin films of the polymer and polymer/ITIC-F
blends spin coated on silicon substrates were used. 2D-
GIWAXS measurements were performed on an Anton Paar
SAXSpoint 2.0 system equipped with a Dectris 2D EIGER R
1M hybrid photon-counting detector with 75 Pm? pixel size
and using Cu Ka radiation at 50 kV and 1 mA, which was
point collimated using automated scatterless slits. The
incidence angle was set to 0.12° and the exposure time was 10
X120

s. A spin-coated silver behenate film was used for angular calibration.
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