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Abstract:

We synthesized two derivatives of Y6, namely Y-TNF and Y-TN. Compared to Y6, these 

two derivatives possess fluorinated and non-fluorinated extended terminal group, respectively. 

Y-TNF exhibits a red-shifted absorption compared to Y-TN, a narrower bandgap, and a better 

matched energy level to the donor material PM6. Hence, Y-TNF demonstrates better 

photovoltaic performance. The incorporation of Y-TN further enhances the photovoltaic 

performance of binary PM6:Y-TNF devices due to its good compatibility and intermolecular 

interactions with Y-TNF, resulting in improved charge transport and reduced non-radiative 

energy loss. The ternary organic solar cells (OSCs) offer a higher device efficiency of 16.63% 

with a high open-circuit voltage of 0.857 V, a high short-circuit current density of 25.84 mA 

cm−2, and a high fill factor of 75.10%. The results incorporating a similar acceptor material as 

third component is an effective strategy to enhance the performance of OSCs.

Keywords: Ternary strategy; extended terminal group; small molecule acceptor; organic solar 

cells

Page 2 of 17Energy Advances

E
ne

rg
y

A
dv

an
ce

s
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
ju

ni
 2

02
4.

 D
ow

nl
oa

de
d 

on
 2

7-
06

-2
02

4 
19

:4
9:

57
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D4YA00304G

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ya00304g


2

1. Introduction

Recent advancements in the field of organic solar cells (OSCs) have been propelled by the 

development of narrow bandgap small molecule acceptors (SMAs). Since ITIC1 was reported 

in 2015, the A-D-A-type SMAs has had great success2, 3. With the development of such 

materials, the power conversion efficiency (PCE) of OSCs has been increased to 18%4. This is 

due to the outstanding advantages of these acceptor materials, such as strong and wide 

absorption in the visible and near infrared regions, easily regulated electron energy levels, and 

high carrier mobility5. The crystallinity and miscibility of the A-D-A SMAs and donor materials 

in their blend films can also be fine-tuned6. And then, with the advent of Y6 and its derivatives, 

the OSCs has culminated in a PCE surpassing 19% for single-junction photovoltaic devices7-25. 

This achievement has bolstered confidence and escalated expectations for their commercial 

viability. The Y-series of SMAs employ benzothiadiazole as the central electron-withdrawing 

unit, and by augmenting the number of electron donor/acceptor units to form an A-DA’D-A 

molecular structure that augments electron transfer efficiency. Additionally, the 'banana' shape 

of these molecules facilitates enhanced intermolecular stacking26, 27. The two strong electron-

withdrawing end groups exert a profound influence on the performance metrics of OSCs 

devices, including the open-circuit voltage (Voc), short-circuit current density (Jsc), and fill 

factor (FF).  Compared to altering the molecular skeleton or alkyl side chains, modifying the 

end groups represents a straightforward approach that can significantly enhance the 

performance of OSCs devices12, 18, 28-37.

In the recent developments of OSCs, ternary blending strategy has gained widespread 

adoption to enhance the PCE. The Y series of SMAs have been meticulously explored for this 

purpose. Ding et al. employed a ternary addition approach to modulate the film morphology of 

the device, achieving a high FF of exceeding 80%, with significant suppression of non-radiative 

recombination38. Huang et al. engineered a ternary OSCs with an active layer thickness of 300 
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nm, attaining an efficiency surpassing 18%39. Fan et al. utilized a new Y-series acceptor in their 

ternary device, culminating in an impressive PCE of 19.23%40. Actually, the third component 

within OSCs serves a dual purpose, influencing both blend morphology optimization and carrier 

dynamics management. In ternary OSCs, the employment of two similar small molecule 

acceptors ensures good compatibility between the individual components. This facilitates 

precise adjustments to the morphology of the ternary blends, thereby optimizing Jsc and FF. 

Moreover, alloyed acceptor structural domains can be readily obtained by minimizing the 

structural disparity between the guest and main acceptors41-43. Consequently, OSCs usually 

demonstrate suppressed charge recombination and enhanced photon conversion efficiency44-49. 

This is attributable to energy transfer and parallel-like morphology coexist due to 

complementary absorption and reduced compatibility of the third component with the host 

material. Similarly, charge transfer and alloy-like morphology coexist due to the cascade energy 

level arrangement and good compatibility of the third component with the host material4, 40, 50-

54. Employing similar materials for the third component can augment the compatibility between 

different components of the device, thus improving charge transfer efficiency and overall 

performance. Additionally, a comparable structure can alleviate the complexity associated with 

synthesizing and producing the material.

In this study, we employed the extended end group method to synthesize two SMAs, Y-TNF 

and Y-TN55. Consistent with previous research, the fluorinated end group acceptor 

demonstrated better performance compared to its non-fluorinated counterpart in binary system. 

Notably, the incorporation of Y-TN as a third component can led to further enhancements in 

the performance of devices utilizing the PM6:Y-TNF active layer. A comprehensive 

investigation has revealed that the incorporation of Y-TN enhances the compatibility among 

diverse components, augments their crystallinity, bolsters charge transfer efficiency, and 

diminishes the non-radiative loss. Consequently, this augmentation ameliorates the 
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performance of binary OSCs devices and proffers conceptual underpinnings for ternary OSCs 

methodologies.

2. Results and Discussion

Figure 1a illustrates the chemical structures of Y-TNF and Y-TN, with their respective  

synthetic schemes provided in Scheme S1 and Scheme S2 (The structural characterization 

results are shown in Figures S1-S6 in Supporting Information). The UV absorption spectra of 

Y-TNF and Y-TN in solid film and chloroform solution are depicted in Figure 1b and Figure 

S10, respectively. As demonstrated in Figure 1b, both materials exhibit complementary 

absorption to the donor material PM6. The solid film absorption peak for Y-TN is observed at 

814 nm, while the fluorinated derivative Y-TNF displays a red-shifted absorption spectrum 

compared to Y-TN, with its peak at 844 nm (Table S1). Y-TN shows pronounced shoulder 

peaks at 350 nm, 550 nm, and 725 nm, indicating enhanced light absorption capabilities.

The density distributions of electron clouds and the geometries of the frontier orbitals for Y-

TNF and Y-TN materials were examined utilizing density-functional theory (DFT), as depicted 

in Figure S7. Both Y-TNF and Y-TN exhibited substantial planarization. The highest occupied 

molecular orbital (HOMO) energy level (EHOMO) and the lowest unoccupied molecular orbital 

(LUMO) energy level (ELUMO) of Y-TNF experienced a slight downward shift upon the 

incorporation of fluorine atoms, resulting in a narrower  bandgap compared to Y-TN. This 

narrower bandgap aligns with the trend observed from UV spectroscopic mappings (Table S1). 

The electrostatic potential diagrams illustrated in Figure S9 reveal that Y-TNF possesses 

elevated electronegativity due to the extended end group, and the addition of fluorine atoms 

augments the electron-withdrawing capability of the end group. The EHOMO and ELUMO values 

for Y-TNF and Y-TN were measured through cyclic voltammetry and determined acording to 

the onset oxidation/reduction potentials obtained from their cyclic voltammograms56. The 

EHOMO values were recorded as −5.54 eV for Y-TNF and −5.46 eV for Y-TN, while the ELUMO 

values were −3.97 eV for Y-TNF and −3.86 eV for Y-TN, respectively, as shown in Figure 1d. 
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These findings are in argeement with those derived from DFT calculations. It should be noted 

that the EHOMO energy level of Y-TN is slightly higher than that of the donor material PM6. The 

suboptimal alignment of defective energy level  results in diminished binary photovoltaic 

performance of the PM6: Y-TN combination. In addition, the dipole moment (µ) calculated for 

Y-TNF and Y-TN were 4.91 Debye and 8.67 Debye, respectively (Figure S7). The dipole 

moments directions of Y-TNF and Y-TN is shown in Figure S8.
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Figure 1. (a) The chemical structures of PM6, Y-TNF, and Y-TN, (b) The UV-vis absorption 

spectra of PM6, Y-TNF, and Y-TN in a solid film, (c) The cyclic voltammograms of Y-TNF 

and Y-TN, (d)  Energy levels diagram of PM6, Y-TNF, and Y-TN.

In grazing incidence wide-angle X-ray scattering (GIWAXS) measurements (Figure 2, Table 

S2), the stacking of alkyl chains induces Y-TNF and Y-TN to exhibit relatively well-defined 

(100) diffraction peaks along the in-plane (IP) and out-of-plane (OOP) direction (represented 

by qxy and qz, respectively). Both Y-TNF/Y-TN display distinct (100) diffraction peaks at 0.37 

Å−1 and 0.4 Å−1 along the in-plane (IP) direction with corresponding d-spacing values of 16.98 

Å and 16.53 Å, respectively. Additionally, distinct (010) π−π stacking peaks were observed for 

Y-TNF and Y-TN at qz = 1.67 Å−1 and 1.70 Å−1, along the OOP direction with respective d-
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spacing values of 3.74 Å and 3.67 Å. These observations indicate that both Y-TNF and Y-TN 

solid films have a preferred face-to-face alignment with the substrate.
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Figure 2. (a) the two-dimensional GIWAXS patterns of Y-TNF pure film, (b) the two-

dimensional GIWAXS patterns of Y-TN pure film, (c) the corresponding in-plane and out-of-

plane profiles under Y-TNF pure film optimal condition, (d) the corresponding in-plane and 

out-of-plane profiles under Y-TN pure film optimal condition.

To examine the photovoltaic properties of Y-TNF and Y-TN, OSCs devices were fabricated 

with the structure: ITO/PEDOT:PSS/active layer/PDINN/Ag (100 nm). The optimization 

process and corresponding data are presented in Figures S11-S16 and Tables S3-S8. Device 

performance  was optimized by determining the optimal addition ratio of the third component, 

Y-TN, as well as the effects of different additives (1,8-diiodooctane (DIO) and 1-

chloronaphthalene (CN)), additive content (0%, 0.25%, and 0.5%), thermal annealing 

temperature (TA) (90°C, 100°C, and 110°C), and TA duration (5 min, 10 min, and 15 min). 
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The PM6:Y-TNF:Y-TN-based device achieved an impressive performance of 16.63% with a 

Voc of 0.857 V, high Jsc of 25.84 mA cm−2 and high FF of 75.10%, when the D:A ratio was 

1:1:0.1 (w/w/w), DIO was used as an additive (0.25%, v/v), and TA treatment was performed 

at 100°C for 5 min. In contrast,  the PM6:Y-TNF-based OSCs showed a PCE of 15.93% (Figure 

3 and Table 1) , the OSCs based on PM6:Y-TN blend film only exhibited a PCE of 10.24% 

under the same conditions (Figure S16 and Table S8).  In the external quantum efficiency (EQE) 

test, the EQE values of the ternary device were larger than those of the binary device at 450 

nm-550 nm and 700 nm-850 nm after the introduction of the third component, Y-TN. Fluorine 

atoms have strong electronegativity and a small size, which can enhance intermolecular 

interactions57-59. The introduction of fluorine atoms in Y-TNF can reduce EHOMO and increase 

Jsc. However, it may also cause a deterioration in solubility and affect the morphology of the 

active layer film to some extent. In contrast, the introduction of a similar material, Y-TN, can 

enhance the FF of the device and effectively improve intermolecular stacking.
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Figure 3. (a) J-V plots of the PM6:Y-TNF:Y-TN-based OSCs (1:1:0 and 1:1:0.1, w/w/w) with 

0.25% DIO additive, and a TA treatment at 100°C for 5 min under an illumination of AM 1.5 

G, 100 mW cm−2, (b) EQE curves of the corresponding OSCs.

Table 1. Photovoltaic parameters of the PM6: Y-TNF:Y-TN-based OSCs (1:1:0.1, w/w/w) with 

0.25% DIO additive, and a TA treatment at 100°C for 5 min under an illumination of AM 1.5 

G, 100 mW cm−2.
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Active Layer Voc (V) Jsc
(mA cm−2)

Cal. Jsc
a)

(mA cm−2) FF (%) PCE (%)b)

PM6:Y-TNF 0.847 25.45 24.71 73.91 15.93(15.78±0.16)

PM6:Y-TNF:Y-TN 0.857 25.84 25.10 75.10 16.63(16.48±0.26)
a) Integral Jsc from EQE curves. b)Average values in brackets obtained from 8 devices.

To elucidate the factors contributing to the enhanced photovoltaic performance of the ternary 

device incorporating Y-TN, we conducted an investigation into exciton dissociation, charge 

transport, and charge collection within both the binary device (PM6:Y-TNF) and the ternary 

device (PM6:Y-TNF:Y-TN with D:A ratio of 1:1:0.1). Figure 4a shows the photocurrent 

density (Jph) versus effective voltage (Veff) curves for binary and ternary devices, while the 

corresponding exciton dissociation (Pdiss) and charge collection (Pcoll) efficiencies are 

calculated. Jph is defined by the equation Jph =JL-JD, where JL represents the photocurrent 

density under illumination and JD denotes the photocurrent density in darkness. Veff is defined 

as Veff = V0−Vb, where V0 is the voltage at which Jph reaches 0, and Vb is the applied bias 

voltage60, 61. As Veff increases gradually, Jph exhibits a positive correlation until reaching 

saturation. In this study, the saturation current density (Jsat) is designated as the value of Jph at 

Veff  = 2.0 V. The exciton dissociation (Pdiss) and charge collection (Pcoll) are determined by the 

ratio of Jph/Jsat under short-circuit and maximum power conditions, respectively. The ternary 

device demonstrates Pdiss and Pcoll values of 97.70% and 86.02%, respectively, surpassing the 

binary device‘s respective values of 96.89% and 83.80%. This indicates that the incorporation 

of Y-TN significantly enhance the exciton dissociation and charge collection efficiency of the 

binary device.

The dependence of the Voc and Jsc on light intensity (Plight) was measured to evaluate the 

charge complexation behaviour of the corresponding devices. According to Jsc ∝  Pα
light, 

where α represents the degree of bimolecular complexation, the closer the value of α is to 1, the 
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less bimolecular complexation of the corresponding device is indicated. As shown in Figure 4b, 

the α value of the PM6:Y-TNF:Y-TN-based ternary device is 0.987, which is higher than that 

of the binary device of 0.980, indicating that the bimolecular recombination of the ternary 

device is inhibited. Voc ∝  (nkT/e)lnPlight, where k, T and 𝑒 are Boltzmann constant, 

absolute temperature and elementary charge, respectively, and n indicates whether the process 

is bimolecular recombination (n→1) or trap-assisted recombination (n→2). The slopes of Voc 

versus lnPlight are 1.13 and 1.10 kT/e for the ternary and binary devices, respectively (Figure 

4c), which indicates the suppressed bimolecular recombination in both the ternary and binary  

devices.

0.1 1
0.01

0.1

1

10

J p
h(

m
A

 c
m

-2
)

Veff (V)

Pdiss Pcoll

 PM6:Y-TNF           96.89% 83.80%
 PM6:Y-TNF:Y-TN  97.70% 86.02%

(a)

10 100
0.01

0.1

1
 PM6:Y-TNF           α=0.980
 PM6:Y-TNF:Y-TN  α=0.987

J s
c

(m
A

 c
m

-2
)

Light Intensity (mW cm-2)

(b)

10 100
0.74

0.76

0.78

0.80

0.82

0.84

0.86

0.88  PM6:Y-TNF           n=1.10
 PM6:Y-TNF:Y-TN  n=1.13

V o
c (

V)

Light Intensity (mW cm-2)

(c)

Figure 4. (a) Jph-Veff curves, (b) Jsc-Plight and (c) Voc-Plight of the binary device based on PM6: 

Y-TNF and the ternary device based on PM6:Y-TNF:Y-TN (1:1:0.1, w/w/w).

The photoinduced charge carrier extraction by linearly increasing voltage (Photo-CELIV) 

measurements were employed to investigate the carrier generation and transport behavior of 

binary and ternary devices under operational conditions. Figure 5a and Table S9 present the 

Photo-CELIV curves and data recorded for binary and ternary devices. The carrier mobility (μ) 

of the PM6:Y-TNF-based binary device and the PM6:Y-TNF:Y-TN-based ternary device are 

1.97×10−4 and 2.05×10−4 cm2 V−1s−1, respectively. The higher carrier mobility of the ternary 

device suggests better charge transport. The transient photovoltage (TPV) and transient 

photocurrent (TPC) experiments were conducted  to comprehend the charge transport and 

Page 10 of 17Energy Advances

E
ne

rg
y

A
dv

an
ce

s
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
ju

ni
 2

02
4.

 D
ow

nl
oa

de
d 

on
 2

7-
06

-2
02

4 
19

:4
9:

57
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D4YA00304G

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ya00304g


10

recombination characteristics of the binary and ternary devices, as shown in Figure 5b and 

Figure 5c. The TPV test (Figure 5b) calculates the carrier lifetime (τ) uning the formula V(t) = 

Voc + ∆V×exp(-t/τ). The carrier lifetimes (τ) of the binary and ternary devices are 0.62 and 0.87 

μs, respectively, and the extended carrier lifetime indicates reduced charge recombination in 

the ternary device. In the TPC test (Figure 5c), the device generates transient currents due to 

optical pulses. The more rapid transient current response of the ternary device compared to the 

binary device signifies that the ternary device has higher charge mobility and fewer traps. These 

results indicate the enhanced performance of the ternary device with the inclusion of Y-TN, 

which exhibits augmented charge transport, elevated exciton dissociation efficiency, and 

diminished carrier recombination compared to the PM6:Y-TNF-based binary device.
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Figure 5. (a) Photo-CELIV curves, (b) Carrier lifetime curves and (c) TPC results of the binary 

device based on PM6:Y-TNF and the ternary device based on PM6:Y-TNF:Y-TN (1:1:0.1, 

w/w/w).

The AFM images of the active layer was analyzed to assess the quality of the corresponding 

devices. As depicted in Figure 6(a) and (b), the root mean square (RMS) roughness values for 

the optimal blend films of PM6:Y-TNF and PM6:Y-TNF:Y-TN were 0.99 nm and 1.20 nm, 

respectively, indicating a uniform surface for both. The transmission electron microscopy 

(TEM) images further revealed that the active layer possessed an interpenetrating nanofibrous 

structure with  appropriate phase separation morphology.
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Figure 6. AFM (left-height image, middle-phase image) and TEM (right) images of optimal 

blend films of (a) PM6:Y-TNF and (b) PM6:Y-TNF:Y-TN.

To elucidate the enhancements in device efficiency and stability, we conducted a 

morphological characterisation of the blended films. The GIWAXS results for the blend films 

are shown in Figure 7, with the corresponding data summarized in Tables S10 (Supporting 

Information). The film of PM6:Y-TNF exhibits a sharp (100) diffraction peaks along the IP 

directions at qxy = 0.29 Å−1, indicative of alkyl chain packing with a d-spacing of 20.93 Å. 

Additionally, there is a distinct yet broad (010) π−π stacking peak along the OOP direction at 

qz =1.66 Å−1, corresponding to a d-spacing of 3.78 Å. The ternary blend film of PM6:Y-TNF:Y-

TN also presents well-defined diffraction peaks along the IP direction at qz = 0.30 Å−1, with a 

reduced d-spacing of 20.26 Å, and pronounced π−π stacking peaks (010) at qz = 1.71 Å−1 with 

a π−π stacking distance of 3.67 Å. Both PM6:Y-TNF and PM6:Y-TNF:Y-TN demonstrate a 

preferred face-on stacking orientation relative to the substrate. Moreover, PM6:Y-TNF and 

PM6:Y-TNF:Y-TN display comparable crystalline coherence length (CCL) in the IP and OOP 
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direction (Table S9). These findings are consistent with the characterization results of carrier 

mobility and morphology.
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Figure 7. (a) the two-dimensional GIWAXS patterns of PM6:Y-TNF film, (b) the two-

dimensional GIWAXS patterns of PM6:Y-TNF:Y-TN film, (c) the corresponding in-plane and 

out-of-plane profiles under PM6:Y-TNF film optimal condition, (d) the corresponding in-plane 

and out-of-plane profiles under PM6:Y-TNF:Y-TN film optimal condition.

3. Conclusion

Two small molecules, namely Y-TNF and Y-TN, were synthesized, based on A-DA‘D-A 

type molecular skeleton with fluorinated and non-fluorinated extended terminal groups. Y-TNF 

demonstrated a more suitable energy level, red-shifted absorption, and a narrow bandgap, 

leading to better photovoltaic performance compared to Y-TN. Incorporating non-fluorinated 

Y-TN as the third component into the PM6:Y-TNF-based OSCs devices resulted in a higher 

PCE of 16.63%, with a high Voc of 0.857 V, a high Jsc of 25.84 mA cm−2, and a high FF of 
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75.10%. Non-fluorinated Y-TN effectively enhances the miscibility between the individual 

components of the fluorinated Y-TNF-based components, improves charge transfer efficiency 

and inhibits charge complexation behaviour. These results indicate that incorporating a similar 

acceptor material as a third component is an effective strategy to enhance the performance of 

OSCs.

4. Experimental Section 

4.1. Synthesis of materials: PM662,  Y-TNF and Y-TN55 were synthesized as reported in 

the literatures, the characterization results are listed in Figures. S1-S6 in SI.

4.2. Device fabrication method: Detailed descriptions are listed in SI.
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