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Three narrow bandgap non—fullerene small molecule acceptors (NFAs) — IDTT20T, IDTT20T—2F, and

w W
@

IDTT20T-4F- were designed and synthesized using a 3,4—dimethoxythiophene as a spacer linking the

W
[ iiNe}

indacenodithieno[3,2—b]thiophene (IDTT) core and 2—(3—o0x0-2,2,3~dihydroinden—I-ylidene) (IC) end

s
N =

groups. The NFAs exhibited narrow bandgaps of 1.51, 1.45, and 1.42 ¢V with increased LUMO energy
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level of —3.69, —3.83, and -3.90 eV, respectively, owing to the extension of the conjugation length and

TN
~ o

enhanced electron push—pull environment. By finely tuning the energy level modulation effect, with a
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O oo

poly[2,6-4,8-bis(5—(2—ethylhexyl)thiophen—2—yl)-benzo—1,2—b:4,5-b'dithiophene])—-alt(5,5—(1,3'~di-2—

o ;
= o

thienyl-5',7'-bis(2—ethylhexyl)benzo[1',2'—:4',5'—c']dithiophene—4,8—dione)) (PBDB-T) donor, all the

o,
w N

NFA-based devices showed the broad photo-response, at 300-900 nm, with small energy losses of 0.56—

(G E NG
N U1

0.57 eV, and therefore enhanced the light-harvesting ability of 6rganic solar cells. Specifically, the PBDB—

(620051
0

T:IDTT20T-4F device exhibited the best power conversion efficiency (10.40%) with a high Jsc of 19.3
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mA ¢cm™ and a Voc of 0.86 V. Our results demonstrate that introducing 3,4—dimethoxythiophene is an

efficient strategy for improving the electron accepting ability of NFAs by tuning frontier energy levels.

Keywords :  Organic solar cells, Non—fullerene small molecule acceptors, 3,4—dimethoxythiophene,

Up—shifted LUMO level.

1. Introduction

With their capacity for conversion of solar light into electricity, organic solar cells (OSCs) have been
studied extensively in recent decades owing to their advantages of low cost, light weight, and flexibility [~
71. Previous studies have revealed that fullerene acceptors, although possessing strong electron mobilities
and affinities, suffer from various drawbacks, including weak absorption in the visible and near—infrared
(NIR) regions and a limited structural modification potential "I, By contrast, non—fullerene small
molecule acceptors (NFAs), containing electron withdrawing components such as benzothiadiazole,
benzodithiophene, etc, allow simple energy level modulation and control of the absorption area through
molecular design, hence NFAs development has accelerated rapidly »¢'*. In particular, the acceptor—
donor—acceptor (A-D—-A) NFAs, consisting of a fused electron—donating core and strong electron—
withdrawing end groups, effectively transport charge carriers via the intramolecular push—pull effect, and
their energy levels can be easily modified by varying the moieties within their structures 215171 Thanks
to these merits, the efficiencies of OSCs have been increased by the incorporation of A—-D—-A NFAs, the
energy levels of which can be adjusted to generate suitable offsets and enhance light-absorption matching
with the donor &7131,

The molecular designs of NFAs suggest various possibilities for further increases in the efficiency of
NFA-based OSCs. Nowadays, narrow bandgap (<1.5 eV) NFAs, which absorb the in NIR region, are being

actively investigated because of their strong light—harvesting abilities [!1121516], As NIR region accounts for
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50% of the total solar radiation intensity "), the development of narrow—bandgap NFAs is desirable for
enhanced current generation and increased short—circuit current density (Jsc) (%1216,

For the design of A~D—-A type NFAs, the introduction of n—spacer unit is a relatively straightforward
method, when compared with the synthesis of fused—ring extensions to increase n—conjugation '$1, Via a
simple synthesis sequence, an A—n—D-7—A configuration can be created to modulate the energy levels of
NFAs with well—characterized central donor units. In addition, an atom with strong electronegativity in the
spacer such as oxygen can be connected to other units through non—covalent interactions, facilitating
planarization and intramolecular charge transfer !>222, Thus, all the effects that stem from adopting the
spacer unit efficiently reduce the energy bandgap and enhance the NIR photo-response, thereby achieving
higher Jsc for the OSC device [,

However, there is a trade—off between the effective charge separation, which aids photocurrent generation,
and voltage loss by strong non—radiative recombination in the cell >, The open—circuit voltage (Voc) in
an OSC device is primarily determined by the adequacy of the charge—transfer state energy . When an
increased Jsc can be obtained, a smaller offset between the lowest unoccupied molecular orbital (LUMO)
level of the acceptor and the highest occupied molecular orbital (HOMO) level of the donor molecule might
induce a reduction in Voc *>?%. For instance, Jsc enhancement achieved via broadening the NIR absorption
band by decreasing the LUMO level often reduces Voc U®. Therefore, precise engineering of the frontier
energy levels of active materials is required to obtain devices with desirable Jsc and Voc values, and
consequently, remarkable PCEs. To this end, up—shifting LUMO level is a good option for elevating Jsc
without compromising on Voc. In this strategy, decreased HOMO offset helps increase the gap between the

acceptor LUMO and donor HOMO, thereby increasing Voc and diminishing the energy loss, which is
defined as the Ejoss = Eg" " — e Vo, where B Pt js the optical bandgap [11-16:27281,

For example, Zhan et al. proved that adopting a 3,4—dimethoxythiophene spacer on NFA (IEICF-DMOT)
is an efficient strategy for lifting LUMO level up comparing with an IEICO—4F acceptor which possess

long branched alkoxy chain on thiophene spacer at 3—position. Up—shifted LUMO level of IEICF-DMOT
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effectively closed the energy offset with PBDB-T donor and exhibited higher device performance (9.98 to
13.01%), increase of Voc (0.74 to 0.87 V) with slightly decreased NIR absorption (23.10t0 22.14 mA cm™
?) for its enlarged energy bandgap than IEICO—4F based device 12,

Moreover, Chen et al. strengthened the electron—donating ability of an acceptor by incorporating a
thiophene spacer between indacenodithieno[3,2—b]thiophene (IDTT) core and 2—(3-0x0-2,2,3—
dihydroinden—I—ylidene) (IC) end groups. ITTIC exhibited increased LUMO energy from —4.00 eV to —
3.82 eV and the HOMO level from —5.55 eV to —5.28 eV, when compared with ITIC. The narrow bandgap
(1.46 eV) achieved with the elevated LUMO level for ITTIC corresponded to a larger Voc 0£0.92 V and a
broader photo—response, with a Jsc of 15.93 mA cm?, reduced energy loss (0.54 eV), and PCE of 9.12%,
which is higher than that of the ITIC-based device ['2.

Taking advantage of those strategies, we aim to raise the LUMO level and narrow its energy bandgap
under 1.5 eV simultaneously through introducing a spacer, which is a suitable strategy for effective NIR
absorption with minimizing voltage loss of the device. A shortest dialkoxy—functionalized thiophene spacer
with planar IDTT core and IC end groups could be an effective approach to lift the LUMO energy level up
and smaller the bandgap of NFAs without causing unexpected steric hindrance and altered intermolecular
packing.

Herein, by introducing 3,4-dimethoxythiophene as spacer, new NFAs—IDTT20T, IDTT20T-2F, and
IDTT20T-4F—were designed and synthesized with the aim of precisely tuning the frontier energy level
by differentially fluorine—substituted end groups. For these three acceptors, small Eg? Pt values of 1.51,
1.45, and 1.42 eV are obtained with increased LUMO energy levels of —3.69, —3.83, and —3.90 ev,
respectively, which are relatively high-lying LUMO levels than those of other NIR bandgap acceptors
[121.2930] Fyrther photovoltaic optimization revealed that IDTT20T—4F based OSCs exhibited the best PCE
of 10.40%, a reasonably high Jsc of 19.3 mA cm™, Voc of 0.86 V, and a fill factor (FF) of 62.4% owing to

the strong photo-response at 300-900 nm, with small Ej of 0.56 eV,
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2. Experimental section

2.1 Theoretical simulation
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Figure 1. Chemical structure and theoretical calculation of IDTT20T, IDTT20T-2F, and IDTT20T-4F

Initially, density functional theory (DFT) calculations were carried out to evaluate the optimized energy
levels and geometries of IDTT20T, IDTT20T-2F, and IDTT20T—4F. ITTIC, which has no methoxy chains
on the thiophene spacer, as reported by Chen et al., was also examined to better understand the electronic
system (Figure S1). For all NFAs, the HOMO energy mainly spread along the conjugated core, and the
LUMO energy delocalized over the entire molecules, especially on the end groups (Figare 1). Compared
with ITTIC, IDTT20T shows higher LUMO and HOMO by 0.12 and 0.14 eV, respectively, meaning the
introduction of a dimethoxy chain is an effective strategy for narrowing the energy bandgap by raising the
LUMO level of NFAs, which would result in enhanced Voc in devices. As fluorination can occur at the two
edges of an IC unit, the energy levels of the three isomers of IDTT20T-2F, shown in Figure S2, have the
same HOMO but slightly different LUMO levels. IDTT20T—4F exhibits the lowest frontier energy levels
among the NFAs (Figure 1), coincident with the effect of fluorination on the NFAs, which is expected to
lower the frontier energy levels and increase photon absorption in the longer wavelength region by

narrowing the bandgap '\ Furthermore, all three NFAs exhibit a small dihedral angle of ~0.38° between
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the flat IDTT core and spacer and ~3.28° between the end group and spacer (Figure S3). With non—covalent
interactions among the units as well as small dihedral angles and planar backbone, the strong intramolecular
interactions and flat conformation of could be ascribed to an effective charge separation ['*3233], Owing to

the maintenance of the planar backbone, the three NFAs exhibit near-zero dipole moments (Table S1).

2.2 Materials synthesis

Unless otherwise noted, all chemicals used in the syntheses were purchased from Aldrich, Alfa Aesar,
Acros, or TCI, and used without further purification; (4,4,9,9,~tetrakis(p—hexylphenyl)—4,9—dihydro—s—
indaceno[1,2-b:5,6-b"ldithiophene—2,8—diyl)bis(trimethylstannane) (IDTT-SnMes) was purchased from
Sunatech Inc. All reactions were performed under nitrogen atmosphere and checked by thin layer
chromatography (TLC) on silica gel. Column chromatography was conducted using silica gel 60 (230-400

mesh ASTM, Merck).

Xz
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Scheme 1. Synthetic route for IDTT20T, IDTT20T-2F, and IDTT20T—4F

IDTT20T, IDTT20T-2F, and IDTT20T—4F were synthesized through Scheme 1; the synthesis details
are given in the supporting information. With nucleophilic substitution of 3,4—dibromothiophene, 3,4—
dimethoxythiophene (1) was synthesized with a yield of 61%; 3,4—dimethoxythiophene—2—carbaldehyde

was synthesized through the Vilsmeire~Haack reaction with a yield o o and brominated with a yie
2) hesized through the Vilsmeire—Haack i ith a yield of 67% and brominated with a yield
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of 75%. Through Knoevenagel condensation with (3) and IC, IC-F, and IC-2F, the products OT-IC (4),
OT-IC-F (5), and OT-IC-2F (6), respectively, were synthesized and used without purification. Finally,
IDTT20T (7), IDTT20T-2F (8), and IDTT20T—4F (9) were synthesized through Stille coupling reaction
between IDTT-SnMe; and (4), (5), and (6), with the palladium catalyst under toluene, with a yield of 98%,
80%, and 86%, respectively. The chemical structure of the intermediate materials was characterized using
'H NMR, and IDTT20T, IDTT20T-2F, and IDTT20T—4F were fully characterized through 'H NMR, *C
NMR (Figure S4-S12), and MALDI-TOF. IDTT20T, IDTT20T-2F, and IDTT20T—4F are soluble in
common solvents such as chloroform (CHCls), tetrahydrofuran (THF), chlorobenzene (CB) at room

temperature.

3. Results and discussion

3.1 Thermal Properties

The thermal properties of the three NFAs were investigated by thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC) (Figure S13). The NFAs exhibited good thermal stability with
decomposition temperatures (5% weight loss) of 343, 353, and 344 °C for IDTT20T, IDTT20T-2F, and
IDTT20T-4F, respectively, which is adequate for photovoltaic devices. The DSC curves of IDTT20T and
IDTT20T-2F showed exothermic peaks during the first heating scan, when partial rearrangement occurred
and crystalline states were generated P*2¢. IDTT2OT displays a cold crystallization peak at ~229 °C,
whereas IDTT20T-2F has peaks at ~230 °C and ~256 °C, indicating its enhanced crystallinity among the
NFAs. By contrast, IDTT20T—4F has no peak in the heating range, suggesting that it possesses the most

amorphous nature among the NFAs 7],

3.2 Optical and Electrochemical properties
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Figure 2. (a) Molecular structures, (b) molar absorption coefficients in dilute chloroform solution, (c) UV-vis
absorption spectra on thin films, and (d) energy level diagrams of PBDB-T, IDTT20T, IDTT20T-2F, and IDTT20T—
4F

The absorption spectra of the NFAs in chloroform and as films are shown in Figure 2b and ¢ and listed
in Table 1. With four different dilute chloroform solutions, the molar absorption coefficient of the NFAs is
calculated using the Beer—Lambert equation: A = ebc, where A is the absorbance, ¢ is the molar
absorption coefficient, b is the length of the light path, and ¢ is the concentration of acceptors in the
solution. The average values of the molar absorption coefficient of the NFAs are measured to be 1.09 x
10%,1.77 X 107,and2.03 x 10° M cm™ atthe Apaxsor values of 717, 731, and 734 nm, respectively.
With their high molar absorption coefficient values at the maximized wavelength, all NFAs are expected to
have effective photon harvesting ability ', Thin films of the NFAs exhibit broader and red—shifted
absorption than those in solution; the absorption edges of the NFAs are located at 820, 856, and 873 nm,
corresponding to the narrow optical bandgaps of 1.51, 1.45, and 1.42 eV, respectively.

The electrochemical properties of NFAs were investigated by cyclic voltammetry (CV) (Figure S14).
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From the measured onset oxidation potential Egpcer values, the HOMO energies of IDTT20T,
IDTT20T-2F, and IDTT20T—4F were calculated to be —5.20, —5.28, and —5.32 eV and the LUMO
energies to be —3.69, -3.83, and —3.90 eV, respectively (Table 1). As co—facial stacking between the
molecules increases with the number of fluorine atoms, the frontier energy levels of the NFAs are lowered

and the bandgaps narrowed [°!.

Table 1. Optical and electrochemical properties of IDTT20T, IDTT20T-2F, and IDTT20T—4F

UV-vis absorption Ccv
NFAs
Amaxsol | Amaxfim | Aonset - Egomo” | Erumo®
Eg"9[eV] & [Mlem]
[am] [nm] [nm] [eV] [eV]
IDTT20T 717 725 820 1.51 1.09 x 107 -5.20 -3.69
IDTT20T-
731 754 856 1.45 1.77 x 10°° -5.28 -3.83
2F
IDTT20T-
734 768 873 1.42 2.03 x 10°° -5.32 -3.90
4F

) EgP* = 1240/ onser,” Brtomo = — (ESiser = E — 48V, Evumo = Enomo — By

—Zl-,ferrocene)

Poly[2,6—4,8-bis(5—(2—ethylhexyl)thiophen—2—yl)—benzo—1,2-b:4,5-51"]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)) (PBDB-T) was
selected as donor owing to its strong absorption in the 500—700 nm range, which complements the NFAs’
absorption (Figure S15b). The HOMO and LUMO energy levels of PBDB-T were calculated to be —5.27
eV and -3.48 eV, respectively. IDTT20T-2F and IDTT20T—4F display well-matched energy level

alignments, whereas a small negative HOMO offset exists for IDTT20T, which may not be beneficial for

hole transfer between donor and acceptor 231,
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3.3 Photovoltaic properties
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Figure 3. (a) J-V curves, (b) EQE spectra, (c) electron mobility, and (d) hole mobility as obtained using SCLC

methods.

Inverted—structured OSCs were fabricated with ITO/ZnO/PBDB-T:NFAs/MoOs/Ag architecture. The
devices were optimized by thermal annealing at 100 °C for 10 min and high—boiling point solvent additives
such as 1,8-diodoocatane (DIO), 1—chloroaphthalene (CN), and diphenyl ether (DPE) were used for
enhancing the miscibility through the formation of a bicontinous interpenetrating network 381, The J—F
curves of the best performing NFA-based devices are displayed in Figure 3a and their photovoltaic
parameters are listed in Table 2. The IDTT20T—4F devices exhibited Jsc of 19.3 mA cm2, Voc of 0.86 Vv,
FF of 62.4%, and PCE of 10.40%; these values represented the best performance among the NFA devices.

In the case of the IDTT20T device, a moderate PCE was obtained, although the device exhibited a negative
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HOMO offset with the donor and thereby insufficient driving force for charge transfer. With more fluorine
substitution, the reduced energy bandgaps of IDTT20T—-2F and IDTT20T—4F resulted in enhanced photo—
responses, whereas the greater gap between donor HOMO and acceptor LUMO caused Voc to drop.
Nevertheless, the IDTT20T—4F device showed the most extended photon absorption, with a PCE of
10.40%, among the NFAs. With the high-lying LUMO energy level strategy, the small Ejss of 0.56 eV for
the IDTT20T—4F device compensates its decrease in Voc, thereby providing an overall PCE boost for the

OSCs via enhanced photon absorption 3%,

Table 2. Photovoltaic parameters of IDTT20T, IDTT20T-2F, and IDTT20T—4F based devices

PBDB-T:NFAs VOC [V] JSC [mA Cm72] ]SCél [mA cm‘z] FF [%] PCEmax (PCEavea) [%] Eloss [V]

IDTT20T 0.95 11.4 10.9 59:7 6.43 (6.36 + 0.07) 0.56
IDTT20T-2F 0.88 17.5 16.1 65.1 10.04 (9.79 + 0.25) 0.57
IDTT20T-4F 0.86 19.3 18.7 62.4 10.40 (10.18 + 0.22) 0.56

) Average values with standard deviation from over eight devices

External quantum efficiency (EQE) measurements were conducted for the optimized devices built using
each of the acceptors and PBDB-T, and the corresponding curves are presented in Figure 3b and Table 2.
For the three devices, the entire EQE response occurs between 300 nm and 900 nm, signifying that the
PBDB-T polymer donor and all three NFAs simultaneously contribute to the Jsc values, in agreement with
the J-V characteristics. Specifically, as the IDTT20T—4F has the most extended absorption in the NIR

region, the highest EQE response was obtained for the PBDB-T:IDTT20T—4F device.

3.4 Charge transfer and mobilities
Charge transfer and photo-induced exciton dissociation were monitored using photoluminescence (PL)

spectroscopy. Spectra of the pristine PBDB-T, IDTT20T, IDTT20T-2F, and IDTT20T—4F and
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optimized blended films were measured, with excitation at 550 nm and 650 nm, as shown in Figure S$16.
The PL quenching efficiencies of the PBDB-T:IDTT20T, PBDB-T:IDTT20T-2F, and PBDB-
TIDTT20T-4F films were measured to be 65%, 67%, and 68%, respectively, at 550 nm and 68%, 73%,
and 80%, respectively, at 650 nm. As the increased quenching in the blends promotes photo—induced
charge transfer, the IDTT20T—4F blend film exhibits most effective electron transfer from donor to
acceptor, which is consistent with its best photovoltaic performance ), Interestingly, the IDTT20T blend
film exhibited a quenching rate comparable with the other blend films at both excitation wavelengths,
although the blend has a negative HOMO offset, which could result in slower hole transfer and lower

efficiency 2849,

Table 3. Electron and hole mobilities of the IDTT20T, IDTT20T-2F, and IDTT20T-4F based films

te [em?V7's™] pp [em* Vs He/bn

IDTT20T 9.22 x 107 3.02 x10™ 0.305
IDTT20T-2F 5.67 x 107 6.62 x 107 0.856
IDTT20T-4F 7.94 x 10 8.52 x 10+ 0.932

The space—charge-limited current (SCLC) method was adopted (Figure 3¢ and d) and the charge
mobilities were determined by fitting the dark current according to the modified Mott—~Gurney equation
14290 In the | = 9¢r&ottereV 2/8L3, J is the dark current density (mA cm2), &, is the permittivity of free
space (8.85 x 107 F ecm™), &, is the dielectric constant of the blend material (assumed to be 3.0), g
is the carrier mobility, Vis the effective voltage, and L is the thickness of the active layer (120 nm).

The electron only devices with ITO/ZnO/PBDB-T:NFAs/PDINO/Ag structures and hole—only devices
with ITO/PEDOT:PSS/PBDB-T:NFAs/PEDOT:PSS/Ag structures were fabricated, and each of the

observed mobilities is listed in Table 3. The PBDB-T:IDTT20T—4F device possessed the most balanced




O 0 ~Jo Ul W R

@@O\O\O\O\(ﬂ(ﬂ(ﬂ(ﬂ(ﬂ(ﬂ(ﬂm(ﬂtﬂdbbb»ﬁb»bpb»bpbbwwwwwwwwwwMI\)NNN[\)[\)l\)Nl\)l—‘HHl—‘l—'I—‘F-J!—‘P——‘l—\
(ﬂsbb)[\)HOkom\]mmsbw[\)How(D\]mLﬂJ.Bu)!\)l—‘O&OOO\IO‘aU'IxJ>(.A)l\)l4O\OOO\]O‘\U‘I&LA)I\))—‘O&OOO\]O\U‘\»&-UJI\)HO

He/tn value of 0.93 with highest electron mobility of 7.94 x 107 cm? V! s~ and hole mobility of 8.52 x
10 em* V' 57, which indicates enhanced structural order for the blend and better charge extraction 161,
Moreover, with its negative HOMO offset, the PBDB-T:IDTT2O0T device has imbalanced mobilities,
which hampers further Jsc improvement 1. The PL quenching and SCLC results demonstrate the validity
of introducing 3,4-dimethoxythiophene, an effective strategy for charge separation in the device, although

the energy level impedes effective charge transfer.

3.5 Structural order and morphology
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Figure 4. XRD images of IDTT20T, IDTT20T-2F, and IDTT20T—4F acquired with (a) out-of-plane and (b) in—

plane irradiation.

As nanostructured ordering effects, from exciton diffusion to charge collection, are correlated with the
performance of the device **), solid state of the pristine NFAs film were studied by X—ray diffraction (XRD).
This method allowed identification of the crystalline texture through the diffraction peak structure (Figure
4). From the out-of-plane (OOP) irradiation measurement, (100) lamellar d—spacings (di) of 17.36, 20.67,
and 23.60 A were obtained for the pure-NFA films. The (010) m—m stacking diffraction peak, with

distances of 3.51, 3.54,and 3.46 A, respectively, indicates face~to—face stacking behavior [*%. The shortest
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m—T stacking distance of IDTT20T-4F indicates that the introduction of fluorine atoms to the molecular
backbone enables the formation of compact packing via stronger interchain networks 342, Moreover, the
intense (010) peak in the spectrum of the IDTT20T—4F film, which becomes faint in the in—plane (IP)
direction, demonstrates the predominant face—on orientation !>, With the preferential face—on orientation
and the short m-m stacking distance, the IDTT20T—4F film exhibits superior charge transport and exciton
extraction, which contribute to the elevated Jsc when it is incorporated into photovoltaic devices 2%, Intense
(100), (001) backbone, and (010) diffraction peaks are observed in both the OOP and IP directions for the
pristine IDTT20T film, suggesting bimodal edge—on and face—on crystallites 43!, The observable (100)
and (001) peaks in the OOP and IP spectra and faint (010) peak in the OOP spectrum, which does not appear
in the IP spectrum, suggest that IDTT20T-2F exhibits crystallinity, but with quiet disordered orientation

and a relatively large stacking distance for the existence of isomers.

Figure 5. 2D and 3D AFM topographies (10 gm x 10 pm) of (a) PBDB-T:IDTT20T, (b) PBDB-T:IDTT20T-

2F, and (c) PBDB-T:IDTT20T-4F.

The morphologies of the PBDB-T:NFAs thin films were analyzed by atomic force microscopy (AFM)

(Figure 5). Light and dark areas in the AFM images indicate aggregation of the polymer and acceptors,
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respectively !**?1, All the blended films exhibited smooth surface features, with comparable root—mean—
square (RMS) roughness values of 1.75, 2.12, and 1.69 nm, for the PBDB-T:IDTT20T, PBDB-
T:IDTT20T-2F, and PBDB-T:IDTT20T—4F films, respectively, which implies interpenetrating networks
were generated in all the blended films. Larger RMS roughness values correspond to reduced charge—carrier
transport *°]; hence, the IDTT20T—4F blended film exhibited the lowest RMS roughness. Its fibrous surface
forms an efficient interface, which is beneficial for exciton generation and charge transfer, and thus results

in the enhancement of the device characteristics.

4. Conclusion

In summary, IDTT20T, IDTT20T-2F, and IDTT20T—4F, introducing the 3,4—dimethoxythiophene
spacer between the planar IDTT core and IC groups, were designed to narrow the energy bandgap and
increase the LUMO energy level with enlarged electron—donating ability. Through moderate fluorination
within the end groups of the acceptors, enhanced absorption spectra in the NIR region were observed for
the NFAs, thereby enhancing the photo—response of solar cell devices. With the best results in terms of the
photocurrent and Voc, the IDTT20T—4F based device exhibits the photovoltaic performance of 10.40%
with Jsc of 19.3 mA cm™, Voc of 0.86 V, and FF of 62.4%, which indicates the highest PCE among the
three NFAs. With its preferential face—on orientation, IDTT20T—4F exhibits good mixing with the
crystalline PBDB-T donor polymer, yielding the highest and most balanced charge transfer and mobility.
Our results demonstrate that selecting the 3,4—dimethoxythiophene units and enhancing the electron—
donating properties of the acceptors, by enlarging the NIR absorption band and increasing the LUMO
energy level, is an efficient energy level modulation strategy in NFAs for improving the photovoltaic

performance of NFA-based OSCs.
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