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Abstract

Small molecular acceptors (SMAs) have gained extensive research attention as they 

offer many attractive features and enable highly efficient organic solar cells (OSCs) 

that cannot be achieved using fullerene acceptors. Recently, a new SMA named Y6 was 

reported, yielding high-performance OSCs with efficiencies of 15.7%. This report has 

inspired the OSC community to study the structure-property relationship and further 

modify this important class of materials. In this work, we used the selenium (Se) 

substitution strategy and developed two new Y6-type SMAs to study the effect of Se 

atoms on material properties and device performances. It is found that the introduction 

of Se atoms can red-shift the absorption spectra and enhance the aggregation of the 

resulting SMAs. Interestingly, the variations in the substitution positions of Se atoms 

induces different intramolecular charge transfer within the SMAs. Se substitution at the 

benzothiadiazole ring is more effective than those at the thienothiophene rings, leading 

to the increased short-circuit current density (JSC) and higher efficiencies of over 16%. 

This contribution suggests that appropriate Se substitution is a promising method for 

optimizing absorption and aggregation of Y6-type SMAs, thus enhancing their OSC 

performances.
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Introduction

In recent years, organic solar cells (OSCs) have achieved great success and been 

considered as one of the promising replacement of the traditional inorganic solar cells 

due to their multiple advantages, such as low cost, portability, and mechanical 

flexibility.1-7 Although fullerene derivatives have been utilized as electron acceptors in 

traditional OSCs, they suffer from insufficient absorption, fixed chemical structure and 

poor photochemical and thermal stability. Enormous efforts have been contributed to 

developing non-fullerene electron acceptors, particularly small molecular acceptors 

(SMAs).8-18 Benefitting from their easily tunable chemical structures and optoelectronic 

properties, power conversion efficiencies (PCEs) of over 16% have been achieved by 

SMA-based OSC devices, demonstrating their great potential in commercial 

applications.19-27 Recently, an efficient SMA named Y6, featuring an A’-DAD-A’ 

structure, was reported to yield high-performance OSCs with PCEs of 15.7% via 

delicate molecular design and device optimization.28-30 

Despite the great progress made in Y6-based OSCs,41-45 the trade-off among the open-

circuit voltage (VOC), short-circuit current density (JSC) and fill factor (FF) remains a 

challenge that limits further improvement of device efficiencies. Typically, regulation 

of the central molecular core is able to tune the intramolecular charge transfer (ICT) 

strength to improve the JSC of OSC devices.46-51 Sulfur-based heterocycles, such as 

thiophene and benzothiadiazole, are widely utilized as building blocks to construct 

conjugated molecules in the OSC field, due to their synthetic flexibility and excellent 

optoelectronic properties. Structurally similar to sulfur-based heterocycles, selenium-

substituted analogs have also attracted considerable attention in the molecular design 

of conjugated polymers and small molecules.52-57 Compared to sulfur, selenium has a 

larger atomic radius and d-orbitals that are more polarizable. As a result, strong 

intermolecular Se···Se non-covalent interactions are induced, facilitating well-aligned 

solid-state packing and thus charge carrier mobility.58-63 In addition, the π-electrons in 
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selenium-substituted heterocycles tend to adopt a more quinoidal character, showing 

enhanced planarity and leading to smaller optical bandgaps and red-shifted absorption 

spectra. 64-68 Therefore, selenium-substituted OSC materials usually yield higher JSC 

relative to their sulfur-based analogs. Despite these advantageous properties, few 

systematic studies have been thoroughly carried out on heterocycle engineering of 

SMAs by replacing sulfur with selenium, especially from the perspective of obtaining 

high-performance OSCs with over 15% efficiency.
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Figure 1. Chemical structure of Y6 and two Se-substituted derivatives, Y6-Se and Y6-

2Se.

In this contribution, we, for the first time, examined the effect of selenium substitution 

in constructing A’-DAD-A’-type electron acceptors for OSC operations. Two 

selenium-substituted Y6 derivatives named Y6-Se and Y6-2Se were synthesized and 

systematically studied (Figure 1), with two molecules differing in the substitution 

positions of the central backbone (i.e., sulfur at benzothiadiazole and sulfur at 

thienothiophene). When blended with the donor polymer PM6, both devices based on 

selenium-substituted SMAs exhibited similar VOC of ~0.83 V to those based on Y6. 
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However, both selenium-substituted acceptors displayed bathochromic absorption 

caused by the stronger ICT effect. The Y6-Se-based devices showed enhanced JSC and 

FF compared with Y6- and Y6-2Se-based ones, yielding the highest PCE of 16.02%. 

Morphological studies elucidated that suitable nanoscale phase segregation is formed 

in PM6: Y6-Se blends, leading to more efficient charge dissociation and suppressed 

charge recombination, which contributes to the higher performances. Our work 

provides insights into the structure-performance relationship of the selenium-

substituted Y6-type SMAs and demonstrates the promising applications of selenium-

based derivatives for designing the active-layer materials for OSCs.

Results and Discussions
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Scheme 1. Synthetic route to Y6-Se and Y6-2Se.

The synthetic routes to Y6-Se and Y6-2Se, which are similar to that of Y6, are 

illustrated in Scheme 1. To begin with, 4,7-dibromo-5,6-

dinitrobenzo[c][1,2,5]selenadiazole or 4,7-dibromo-5,6-

dinitrobenzo[c][1,2,5]thiadiazole underwent Stille cross-coupling reactions with 

trimethyl(3-undecylthieno[3,2-b]thiophen-5-yl)stannane and trimethyl(3-

undecylselenopheno[3,2-b]thiophen-5-yl)stannane, respectively. The resultant 
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coupling products containing one or two selenium atoms were subsequently conducted 

to a three-step procedure of cyclization via PPh3 reduction, alkylation, and formylation 

through nucleophilic substitution to obtain the dialdehyde precursors. Finally, the 

dialdehyde intermediates were condensed with 2-(5,6-difluoro-3-oxo-2,3-dihydro-1H-

inden-1-ylidene) malononitrile (2F-IC) to yield Y6-Se and Y6-2Se through 

Knoevenagel reactions. All the intermediates and final products were clearly 

characterized by 1H NMR, 13C NMR and mass spectra, which are summarized in the 

Supporting Information. The thermal decomposition temperature (Td) of Y6-Se and Y6-

2Se is 227 oC and 337 oC by thermogravimetric analysis (TGA, at 5% weight loss, 

Figure S1) indicating that both molecules have good thermal stability and are thus 

suitable for OSC operation. 

To explore the selenium-substitution effects of Y6-Se and Y6-2Se relative to Y6, 

density-functional theory (DFT) was utilized for theoretical calculations at the 

B3LYP/6-31(d,p) basis set to investigate the molecular geometries and frontier 

molecular orbitals. The undecyl chains on the thiophene units and 2-ethylhexyl 

branched chains on the pyrrole units were replaced by methyl groups and 2-methyl-

propyl groups in order to simplify the calculations, respectively. As presented in Figure 

2a–c, both Y6-Se and Y6-2Se exhibit twisted helical molecular geometry that is similar 

to Y6, indicating that the introduction of selenium does not alter the geometry despite 

its larger atom size. As displayed in Figure 2d–f, the HOMO and LUMO of all three 

SMAs are distributed through the entire molecular backbone, implying that Se can also 

form good conjugation as S does. It can be observed that after the incorporation of Se 

atoms, the HOMO levels upshifted while the LUMO levels showed little changes, 

leading to narrower bandgaps of Y6-Se and Y6-2Se. This can be attributed to the 

enhanced ICT after selenium substitution (Figure 2g-i), which was elucidated by the 

dipole moment calculations of the half molecule skeleton (8.00 D for Y6, 8.57 D for 

Y6-Se and 8.33 D for Y6-2Se, respectively). More interestingly, the selenium 
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substitution at the benzothiadiazole moiety can achieve stronger ICT than that at the 

thienothiophene units despite the fewer selenium atoms in Y6-Se.

Figure 2. Optimized molecular geometry of (a) Y6, (b) Y6-Se and (c) Y6-2Se; frontier 

molecular orbitals of (d) Y6, (e) Y6-Se and (f) Y6-2Se; Dipole moment of (g) Y6, (h) 

Y6-Se and (i) Y6-2Se calculated at the B3LYP/6-31(d,p) level.

As illustrated in Figure 3a, the solution UV-Vis absorption spectra of Y6, Y6-Se and 

Y6-2Se were recorded with a concentration of 1×10-5 M. While Y6 shows a major 

absorption peak located at 729 nm with a maximum extinction coefficient (αmax,sol) of 

1.52×105 M-1 cm-1, both selenium-substituted Y6-Se and Y6-2Se exhibit bathochromic 

absorption peaks located at 745 nm with extinction coefficients of 1.53×105 and 

1.60×105 M-1cm-1, respectively. These bathochromic peaks are owing to the stronger 
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ICT from the selenium-substituted cores to the end groups as supported by the DFT 

calculations above. And interestingly, the ICT effect seems comparable between Y6-

Se and Y6-2Se in solution state despite the different number and the substituted 

positions of Se atoms. In thin-film state, all SMAs exhibit bathochromic absorption 

relative to their solution state with the onsets of 912, 946 and 922 nm for Y6, Y6-Se 

and Y6-2Se, corresponding to the optical bandgaps (Eg) of 1.36, 1.31 and 1.34 eV, 

respectively. As a result, the blend films of SMAs with PM6, covering the range of 300-

900 nm in the solar spectrum (Figure S2). It is noteworthy that Y6-Se shows the largest 

red-shift (148 nm) of its absorption spectra from solution to thin-film state when 

compared with Y6 (129 nm) and Y6-2Se (124 nm). A plausible reason for this 

phenomenon is that the selenium substitution at the central benzothiadiazole moiety of 

Y6 enables more compact molecular stacking in solid state induced by strong Se···Se 

non-covalent interactions. Therefore, it is anticipated that Y6-Se should have better 

photon-harvesting ability as well as charge carrier transport relative to the other two 

SMAs. 

In terms of the electrochemical properties, cyclic voltammetry (CV, Figure 3c) was 

carried out in film state to estimate the energy levels of the SMAs by using 

ferrocene/ferrocecium (-4.8 eV) as the external standard. As shown in Figure 3d, while 

showing comparable LUMO levels of ~-3.84 eV, Y6-Se and Y6-2Se have slightly 

upshifted HOMO levels of -5.55 eV and -5.58 eV, respectively, relative to Y6 (-5.61 

eV), which shows the same trend as the calculation results above. Hence, the narrower 

electrochemical band gaps of Y6-Se and Y6-2Se are consistent with their optical 

bandgap. In addition, as the HOMO levels of Y6-Se and Y6-2Se approach to that of 

PM6 (-5.52 eV), the energetic offsets between PM6 and both selenium-substituted 

SMAs should be smaller, and the voltage loss (Vloss) of the devices are expected to be 

decreased. 
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Figure 3. (a) UV-Vis absorption spectra of Y6, Y6-Se and Y6-2Se in dilute chloroform 

solution (concentration: 1.0×10-5 M). (b) Normalized UV-Vis absorption spectra of 

PM6, Y6, Y6-Se and Y6-2Se in thin-film state. (c) Cyclic voltammetry curves of Y6, 

Y6-Se and Y6-2Se. (d) Architecture and energy alignment of the bulk heterojunction 

devices.

Table 1. Optical and electrochemical properties of Y6, Y6-Se and Y6-2Se.

Td

[oC]
λmax,sol

[nm]
λonset,sol

[nm]
αmax,sol

[M-1 cm-1]
λonset,film

[nm]
Eg

a

[eV]
LUMOb

[eV]
HOMOb

[eV]

Y6 213 729 783 1.52 × 105 912 1.36 -3.84 -5.61

Y6-Se 227 745 798 1.53 × 105 946 1.31 -3.83 -5.55

Y6-2Se 337 745 798 1.60 × 105 922 1.34 -3.84 -5.58

a calculated from the absorption onset of the films.
b estimated from the reduction/oxidation onset of the CV curves.

Page 9 of 27 Journal of Materials Chemistry A



10

Table 2. Photovoltaic parameters of the solar cell devices based on PM6:Y6, PM6:Y6-

Se and PM6:Y6-2Se with the normal structure under the illumination of 100 mW/cm2.

Material 

combinations

VOC

(V)

JSC

(mA/cm2)

FF

 (%)

PCE

(%)

μh, μe

(cm2/Vs)

PM6:Y6 0.83±0.01 24.80±0.47 74±1
15.35±0.20 

(15.67)

4.86×10-4,

4.18×10-4

PM6:Y6-Se 0.82±0.01 25.47±0.33 75±1
15.82±0.14 

(16.02)

5.07×10-4,

4.78×10-4

PM6:Y6-2Se 0.83±0.01 24.32±0.49 70±1
14.62±0.15 

(14.94)

4.19×10-4,

3.25×10-4

a Average values from 20 devices with the highest values shown in parentheses.

e0 e1 e2 e3 e4
0.68

0.72

0.76

0.80

0.84  PM6:Y6         S=1.12kBT/q
PM6:Y6-Se   S=1.09kBT/q
PM6:Y6-2Se  S=1.07kBT/q

V O
C

(V
)

Light Intensity (mW/cm2)

1 10 100

1

10

 PM6:Y6         =0.942
 PM6:Y6-Se    =0.946
 PM6:Y6-2Se  =0.937

J S
C

(m
A

/ c
m

2 )

Light Intensity (mW/cm2)

300 400 500 600 700 800 900 1000
0

20

40

60

80

100

EQ
E 

(%
)

Wavelength (nm)

 PM6:Y6
 PM6:Y6-Se
 PM6:Y6-2Se

(a) (b)

(d) (e)

0.0 0.2 0.4 0.6 0.8 1.0
-30

-25

-20

-15

-10

-5

0

5

 PM6:Y6
 PM6:Y6-Se
 PM6:Y6-2Se

C
ur

re
nt

 d
en

si
ty

 (m
A

 c
m

-2
)

Voltage (V)

(c)

(f)

Donor polymer: PM6
R = 2-ethylhexyl

S

S

S

S

F R

R F

S

O O

SR R

S S

n

0.1 1
1

10

Pdiss Pcoll

97.9%   87.4%
98.5%   89.5%
97.5%   83.0%

J p
h

(m
A

 c
m

-2
)

Veff (V)

 PM6:Y6
 PM6:Y6-Se
 PM6:Y6-2Se

Figure 4. (a) Device architecture, (b) J-V characteristics, (c) EQE spectra, (d) Light-

intensity-dependent VOC plots and (e) light-intensity-dependent JSC plots and (f) 

photocurrent versus effective voltage plots of the PM6:Y6, PM6:Y6-Se and PM6:Y6-

2Se devices. 

Page 10 of 27Journal of Materials Chemistry A



11

To investigate the photovoltaic performances of selenium-substituted SMAs, OSCs 

were fabricated with the conventional device structure of 

ITO/PEDOT:PSS/PM6:SMA/PNDIT-F3N/Ag (Figure 4a). The optimized devices 

photovoltaic parameters are summarized in Table 2 and the current density versus 

voltage (J–V) curves of the PM6:Y6, PM6:Y6-Se and PM6:Y6-2Se devices are shown 

in Figure 4b. All three material systems generated similar VOC of 0.83, 0.82 and 0.84 

V for the PM6:Y6, PM6:Y6-Se and PM6:Y6-2Se devices, respectively, which can be 

ascribed to their similar LUMO levels. Although the VOC is comparable, three devices 

exhibit noticeable differences in JSC and FF with various type of selenium substitution. 

The JSC of the Y6-Se-based devices is higher than that of Y6-based ones (25.99 vs. 

25.18 mA/cm2) due to the extended absorption range. Together with a slightly higher 

FF of 75%, the PM6:Y6-Se devices achieved a PCE of 16.02%, which outperformed 

that of the PM6:Y6 ones (15.67%). Note that such an efficiency of over 16% obtained 

by Y6-Se is the highest value among the reported selenium-substituted SMAs. In 

contrast, the Y6-2Se-based devices yielded a lower JSC of 24.65 mA/cm2 despite its 

red-shifted absorption relative to Y6, and a lower FF of 72%, resulting in an inferior 

PCE of 14.94%. 

External quantum efficiency (EQE) spectra were recorded based on the three blends to 

reveal the reason for the differences in JSC among these devices. As displayed in Figure 

4c, the light response range of all EQE curves is consistent with their blend film 

absorption, where the highest EQE values are ~80% for all the three devices. The 

integrated JSC calculated from the corresponding EQE spectra are 24.81, 25.28 and 

24.61 mA/cm2 for Y6, Y6-Se and Y6-2Se-based devices, respectively, which are in 

good agreement with the values attained from the J-V characteristics. Clearly, the EQE 

results reveal that the increase of JSC from Y6 to Y6-Se is caused by the extended EQE 

contribution in the range of 840-1000 nm. Although the EQE spectrum of the Y6-2Se-
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based device also exhibits extended photon response, it cannot compensate the loss 

caused by the spectrum defect from 660 nm to 810 nm compared with the Y6-based 

one, thus leading to a lower JSC of the devices. The series resistances (RS) attained from 

the J–V curve of the three optimal devices (Table. S1) are 5.2, 3.9 and 6.0 Ω cm2 for 

the PM6:Y6, PM6:Y6-Se and PM6:Y6-2Se devices, respectively. Additionally, the 

shunt resistance (RSh) are determined to be 2.0, 2.6 and 1.9 kΩ cm2 for the PM6:Y6, 

PM6:Y6-Se and PM6:Y6-2Se devices, respectively. The series resistances under the 

dark conditions (Fig. S3) exhibit the same trend as those calculated from the J–V curves. 

The reduced RS and increased RSh should be one of the reasons for the increased FF in 

the optimized PM6:Y6-Se devices.69 

Moreover, charge dissociation process based on three blend films were set to investigate 

through photoluminescence quenching experiments. Lasers with the wavelengths of 

514 nm and 785 nm were selected to excite PM6 and the SMAs, respectively. As 

exhibited in Figure S3, more red-shifted photoluminenscence peaks of Y6-Se can be 

attributed to the better molecular stacking in solid state, which is consistent with the 

more bathochromic absorption peak in solid state as well. The quenching efficiency of 

the PM6:Y6-2Se blend film relative to the pristine PM6 film (77.2%) is the lowest 

among three blend films (81.4% for PM6:Y6 and 84.4% for PM6:Y6-Se). Similar 

situations were discovered when comparing the blends and the pristine SMA-based 

films, where the quenching efficiencies of the Y6, Y6-Se and Y6-2Se-based systems 

were estimated to be 89.9%, 91.9% and 84.1%, respectively. Consequently, the 

photoluminescence quenching experiments reveal that the Y6-Se based blend shows 

both more efficient electron and hole transfer processes than the other two systems, 

leading to the higher JSC of the devices.

The notable changes in the JSC and FF among the three SMA-based devices were further 

investigated by charge recombination experiments. Figure 4d-e illustrate the results of 
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the light-intensity-dependent VOC and JSC measurements. Figure 4d describes the semi-

logarithmic plots of the light-intensity-dependent VOC experiments based on these three 

systems. The slopes extracted from the plots are 1.12 kBT/q, 1.09 kBT/q and 1.07 kBT/q 

for the PM6:Y6, PM6:Y6-Se and PM6:Y6-2Se devices, respectively, where kB is the 

Bolzmann constant, T is the absolute temperature and q is the elementary charge. These 

slope values close to kBT/q suggest that the dominant recombination mechanism should 

be bimolecular recombination for all the devices. Furthermore, the relationship between 

JSC and light intensity (P), which can be described as JSC∝P α, was used to analyze the 

bimolecular recombination in these devices (Figure 4e). The α values were determined 

to be 0.942, 0.946 and 0.937 for of the Y6, Y6-Se and Y6-2Se-based devices, 

respectively. This implies that the Y6 and Y6-Se-based devices present relatively weak 

bimolecular recombination and balanced charge transport (as will be discussed below). 

Therefore, these light-intensity-dependent experiments demonstrate effectively 

suppressed charge recombination in the Y6 and Y6-Se-based devices, which can 

partially explain their higher JSC along with FF than the Y6-2Se one.

Furthermore, charge separation of three blend films was examined by the method of 

charge dissociation probability P(E,T) as displayed in Figure 4f. We plotted the 

photocurrent density Jph (defined by JL - JD, where JL and JD are light and dark current 

density) against the effective voltage Veff (defined by Vcor - V0, where Vcor is the applied 

voltage corrected for the series resistance, V0 is the voltage when Jph = 0) in logarithmic 

scale.70 Then, the P(E,T) can be calculated according to the equation of J/Jsat, where Jsat 

is the photocurrent density that reaches saturation at high reverse voltage, suggesting 

that all the photogenerated excitons are dissociated into free charges and swept out. 

Under short-circuit condition, the P(E,T) values are 97.9%, 98.5% and 97.5%, while 

under maximum power output conditions, the P(E,T) values are 87.4%, 89.5% and 83.0% 

for PM6:Y6, PM6:Y6-Se and PM6:Y6-2Se respectively. Therefore, the highest P(E,T) 
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values of the PM6:Y6-Se blend under both short-circuit and maximum power output 

conditions should explain the increase of JSC of the device.

To understand the molecular packing of Y6, Y6-Se and Y6-2Se, grazing incidence 

wide-angle X-ray scattering (GIWAXS) experiments were carried out for both pristine 

and blend films. The two-dimensional GIWAXS patterns are shown in Figure 5a-f, 

and the corresponding one-dimensional line-cut scattering profiles in the in-plane (dash 

line) and out-of-plane (solid line) directions of the pristine and blend films are displayed 

in Figure 5g. The (010) peaks of the pristine Y6, Y6-Se and Y6-2Se films are 

positioned at 1.79, 1.80 and 1.88 Å-1, the corresponding π- π stacking distances are 

calculated to be 3.51, 3.48 and 3.35 Å, respectively. The selenium-substituted SMAs 

indeed have shorter π- π stacking distances than Y6. After blended with the donor, all 

combinations show remarkable face-on orientation with the π- π stacking peaks in the 

out of plane direction positioned at 1.76 Å-1, 1.76 Å-1 and 1.75 Å-1, respectively, and 

strong (100) peaks in the in-plane direction. The (010) coherence lengths of three SMA 

blends were extracted to be 23.6, 26.8 and 22.8 Å when blended with PM6, respectively. 

Larger coherence length can lead to better charge transport, which is supported by 

electron mobility measurements (Table 2, 4.18×10-4 cm2/Vs for PM6:Y6, 4.78×10-4 

cm2/Vs for PM6:Y6-Se and 3.25×10-4 cm2/Vs for PM6:Y6-2Se, respectively) evaluated 

by the space-charge-limited current (SCLC, Figure S4) method. As a result and in 

accordance with prior observations,71 the PM6: Y6-Se device demonstrates higher 

charge mobilities and more balanced hole/electron charge transport compared to the 

other two SMA-based ones, accounting for the higher FF of the PM6: Y6-Se system.

Resonant soft X-ray scattering (RSoXS) techniques were utilized to estimate the nano-

scale phase segregation of these three blends in order to understand distinct variations 

in charge dissociation and transport among three SMA-based systems.72-73 Figure 6a 

displays the Lorentz-corrected RSoXS profiles of the PM6:Y6, PM6:Y6-Se and 
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PM6:Y6-2Se blend films attained at 283.8 eV. The long periods of the three blends 

were calculated to be 73.9, 84.9 and 65.4 nm for PM6:Y6, PM6:Y6-Se and PM6:Y6-

2Se, respectively. In addition, the overall root-mean-square variation σ of the 

composition of the three blends were determined to be 0.89, 1.00 and 0.86 for PM6:Y6, 

PM6:Y6-Se and PM6:Y6-2Se, respectively. Higher σ can be directly linked to better 

FF.74 The Y6-Se blend indeed shows not only better π-π stacking but also higher domain 

purity, which could explain its better EQE response, photoluminescence quenching 

efficiency, as well as electron mobility mentioned above. Additionally, the surface 

roughness of the three blends is also illustrated by the atomic force microscopy (AFM, 

Figure 6b-d) images, where the Y6-Se-based blend shows smoother surface 

morphology (RMS=1.06 nm) than the other two SMA-based ones (1.13 nm for PM6: 

Y6 and 1.16 nm for PM6:Y6-2Se, respectively), leading to a better contact with 

electron-transporting layer and electrode and therefore efficient charge collection. 

Page 15 of 27 Journal of Materials Chemistry A



16

Figure 5. 2D GIWAXS patterns of (a) the pristine Y6 film, (b) the pristine Y6-Se film, 

(c) the pristine Y6-2Se film, (d) the PM6: Y6 blend film, (e) the PM6: Y6-Se blend 

film, (f) the PM6: Y6-2Se blend film, (g) the corresponding pristine and (h) the 

corresponding blend 1D GIWAXS profiles of the in-plane and out-of-plane directions. 
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Figure 6. (a) Lorentz-corrected RSoXS profiles of the PM6:Y6, PM6:Y6-Se and 

PM6:Y6-2Se blend films acquired at 283.8 eV, the AFM height and phase images of 

(b) the PM6:Y6 blend film, (c) the PM6:Y6-Se blend film and (d) the PM6:Y6-2Se 

blend film.

To investigate the origins of the comparable VOC among the three OSC systems, the 

detailed energy losses were investigated of the devices (Figure 7 and Table S6). The 

Vloss (defined as Vloss = Eg/q -VOC) based on the PM6:Y6, PM6:Y6-Se and PM6:Y6-2Se 

combinations are calculated to be 0.58, 0.55 and 0.56 V, respectively, indicating that 

selenium substitutions can reduce the HOMO offset between PM6 and the SMAs and 

thus achieve low Vloss. Based on the detailed balance theory, the first part ΔE1 (Eg - q

) from radiative recombination loss above the Eg, is inevitable for all types of solar VSQ
oc

cells,75 and the three cases demonstrate almost identical ΔE1 (~0.25 eV). The second 

part ΔE2  from radiative recombination loss depends on the absorption  (qVSQ
oc - qVrad

oc )

below the Eg, and Y6-Se-based device shows comparable ΔE2 of 0.08 eV as those of 

the other two SMA-based ones (0.06 eV for PM6:Y6 and 0.07 eV for PM6:Y6-2Se).76-

77 As for the third part ΔE3 (the non-radiative recombination loss) is attained through 

the following equation: ΔE3 = -kTln(EQEEL). Due to the lower energy offset between 

PM6 and Y6-Se, it was found that Y6-Se-based device exhibits a higher EQEEL than 
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those of the other two SMA-based devices (Figure S6d-f) and the corresponding ΔE3 

are calculated to be 0.24 eV, 0.22 eV and 0.24 eV, respectively. Based on these results 

and previous report, the small energy offset between donor and acceptor caused by 

selenium substitution can effectively suppress the charge-transfer (CT) state 

recombination through the hybridization of the local excited (LE) state and the CT state, 

resulting in reduced non-radiative loss.78
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Figure 7. (a-c) Semi-logarithmic plots of normalized EL, measured EQE and EQE 

calculated by FTPS (EQEFTPS) as a function of energy for devices based on PM6:Y6 

(a), PM6:Y6-Se (b), and PM6: Y6-2Se (c). The ratio of φEL/φbb was used to plot the 

EQE in the low-energy regime (black line), where φEL and φbb represent the emitted 

photon flux and the room-temperature blackbody photon flux, respectively. Of note is 

that φEL/φbb follows experimental EQEFTPS faithfully at higher energies as expected 

from reciprocity. 

Conclusions

In conclusion, we designed and synthesized two selenium-substituted SMAs derived 

from Y6 for OSC fabrications. Because of the variations in the selenium-substituted 

positions on the electron-deficient central moiety, BFC-4F and YBOC-4F presented 

different absorption and optoelectronic properties. When blended with PTQ10, the 

comparisons in their blend film morphology indicated that the PM6:Y6-Se blend 

formed suitable phase separation, thus leading to a more efficient exciton dissociation, 

better charge transportation and lower extent of charge recombination. Consequently, 

the PM6:Y6-Se devices attained the highest PCE of 16.02% with a VOC of 0.82 V, a 
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remarkably enhanced JSC of 25.47 mA cm-2, and a smaller voltage loss of 0.49 V, which 

was superior to the PM6:Y6 (15.67%) and PM6:Y6-2Se ones (14.94%). Our work shed 

light on another structure-property-performance relationship of Y6-based SMAs and 

highlight the significance of appropriate substitution of selenium atoms in optimizing 

the absorption and aggregation properties of SMAs, and eventually enhancing OSC 

performances. 

Further red-shifting the optical absorption of such SMAs to beyond 1000 nm would be 

of great research interest and importance. In this work, we examined two types of Se 

substitution on Y6. However, there are other possible Se-substitution positions, for 

instance, the outer thiophene units that may have potential electronic communications 

with the end groups (like non-covalent interactions between Se and O) and induce 

compact intermolecular packing. Moreover, incorporating more Se atoms into the 

molecular backbone, i.e., substitution at the benzothiadiazole and thienothiophene 

moieties simultaneously, would further extend the absorption range and narrower the 

bandgap due to enhanced quinoidal character of the acceptor. It is anticipated that these 

Se-based SMAs are desirable for ternary, semi-transparent and tandem solar cells, 

which could be promising to boost the efficiencies of these devices. 
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Selenium-based heterocycles in NFAs

The selenium substitution strategy was applied to developed two new A’-DAD-A’-type 

small molecular acceptors. The resulting selenium-incorporated molecules exhibit red-

shifted absorption and enhanced photon response, leading to high device efficiencies of 

over 16%.
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