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Abstract

Constructing ternary structure is one of the most effective design strategies to

break the efficiency ceiling of traditional binary organic solar cells (OSCs). Here, a

new Y-series non-fullerene acceptor (Y-T) featuring 1,3-diethyl-2-thiobarbituric acid

(DTBA)  end  groups  is  developed  as  a  third  component  for  the  classical  PM6:Y6

binary  system.  The  champion  power  conversion  efficiency  of  ternary  OSCs  is

increased  from  15.64%  to  17.37%  via  incorporating  10  wt%  Y-T,  with  the

simultaneously enhanced open-circuit voltage (Voc) of 0.865 V, a short-circuit current

density (Jsc)  of  26.90  mA/cm2,  and  a  fill  factor  (FF)  of  74.97%.  The  positive

contribution of Y-T in the ternary blend can be ascribed to the improved spectroscopic

complementarity and enhanced exciton utilization ratio due to the additional energy

transfer process. Moreover, Y-T guest acceptor plays a critical role in adjusting the

active layer morphology and facilitating three-dimension phase separation, resulting in

a balanced charge transport and enhanced FF of ternary OSCs. This work provides

insight into the molecular design of non-fullerene acceptor and suggest guidelines to

rationally select guest component for ternary OSCs.

Keywords: Electron acceptor, Ternary organic solar cells, Energy transfer, Electronic

alloy acceptors, 3D phase separation
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1. Introduction

Non-fullerene acceptors (NFAs) have emerged as a crucial research endeavor that

has significantly advanced the field of bulk-heterojunction organic solar cells (OSCs).

Many  state-of-the-art  NFAs  have  been  developed  over  the  past  few  years  [1-10].

Among these NFAs, the A-DA'D-A type Y6 acceptor with the feature of near-infrared

light harvesting and high electron affinity has recently reached an outstanding power

conversion  efficiencies  (PCEs)  of  over  16% when  paired  with  polymer  donors  in

binary OSCs [10-16]. The successful material design has appealed numerous efforts in

modifying  the  core  structure  of  Y6,  such  as  altering  the  alkyl  chains,  halogen

substitutes, extending conjugation length and changing the electron deficient unit of

the Y6 core, etc., in aiming to further improve the PCEs of OSCs  [17-23]. Another

convenient and efficient strategy to advance the limit of photovoltaic performances of

Y6-based OSCs is to introduce a third component into the binary system [24-28]. By

introducing either a polymer donor or an electron acceptor as the third component, it

can  imbue  the  active  layer  with  broadened  absorption,  balanced  crystallinity,  and

improved film morphology, all conducive to a higher overall device performance [29-

34]. For example, Hou et al. incorporated PC61BM as the third component to fabricate

PM6:Y6:PC61BM ternary OSCs, which achieved a PCE of 16.50% due to the more

balanced  charge  transport  and  reduced  energy  losses  [35].  However,  the  limited

absorption and energetic tunability of fullerene derivatives impose severe restrictions

on further performance enhancement of the corresponding ternary OSCs. Regarding

this limit, Yan et al. utilized an ultra-narrow bandgap NFA with a Eg of 1.24 eV as the
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third component to improve the short-circuit current density (Jsc) and thereby the PCE,

but this ternary OSC exhibited a lower open circuit voltage (Voc) and higher energy

loss than that of the binary system due to the much lower lowest unoccupied molecular

orbital  (LUMO) energy level  [36].  The demonstrated trade-off between  Voc and  Jsc

calls for a delicate design of the third component that can concurrently improve the

relevant device characteristics in the ternary blend systems.

In the one polymer donor and two acceptors ternary system, the acceptor that

play  the  primary  role  called  host  acceptor,  while  the  guest  acceptor  serves  as

secondary role. Theoretically, if the guest acceptor has a higher-lying LUMO level

than that of the host acceptor, the ternary OSC will be able to provide a higher Voc than

the binary OSC  [24, 29,  37]. Improving  Jsc is  relatively more complicated since it

concerns  not  only  the  absorption  complementarity  but  more  importantly,  the

morphology  of  the  ternary  blend  because  the  materials’  compatibility  plays  a

deterministic role in influencing nanoscale phase separation in the active layer. One of

the molecular  design considerations for achieving favorable morphology in ternary

systems is to retain similar backbone structures for both the guest and host acceptors,

which is more preferable for the formation of well-mixed alloy states and beneficial for

improving charge  carrier  separation,  transport,  and correspondingly  Jsc [38-42].  In

addition, this similarity in the acceptors’ chemical skeleton has also been shown to

effectively reduce trap density in ternary OSCs  [43]. In the state-of-the-art PM6:Y6

system, a few Y6 derivatives have been developed as the guest acceptor to achieve

improved  device  performance  [40-42].  These  Y6-derived  acceptors  are  currently
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dominated by these employing the malononitrile-derived indanone (ICs) end groups.

Small structural variations such as halogenation and methylation on the IC groups

were incorporated, which resulted in minor changes of absorption spectra and energy

levels. Despite good compatibility between the acceptors, their similar absorptivity in

the ternary blend films may lead to the competition of absorbing sunlight. To further

improve the photovoltaic performance in the ternary blend system, a desirable strategy

is to design a guest acceptor with high-lying LUMO level and significantly shifted

absorption with respect to the host acceptor (i.e. Y6) while retaining a similar core

structure.

In this work, we design and synthesize a novel guest acceptor, Y-T, by employing

the weakly electron-withdrawing 1,3-diethyl-2-thiobarbituric acid (DTBA) as the end

group,  which  can  fine-tune  the  aggregation  behavior  of  Y-T  and  also  provide

significantly higher lying LUMO level as well as the largely blue-shifted absorption

spectrum compared to the Y6 host acceptor. The upshifted LUMO level of Y-T leads

to a higher  Voc in the PM6:Y6:Y-T ternary system than that of the PM6:Y6 binary

system.  The  largely  blue-shifted  absorption  of  Y-T  well  fills  the  absorption  gap

between PM6 and Y6, and the similarity between Y6 and Y-T acceptors in the core

structure  provides  good  compatibility  in  the  active  layer  and  reduces  energetic

disorders. By incorporating Y-T into the PM6:Y6 binary system, the champion ternary

device yields an outstanding PCE of 17.37%, which is significantly higher than that of

the binary PM6:Y6 device (15.64%). The improved PCE in the PM6:Y6:Y-T ternary

device is attributed to the concurrently increased  Voc,  Jsc and FF. The energy loss of
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the  PM6:Y6:Y-T  ternary  OSC  is  also  reduced  to  0.455  eV.  Further  detailed

characterizations reveal that the formation of alloy-like acceptor composite with very

efficient  energy  transfer  in  the  ternary  blend.  Moreover,  the  addition  of  weakly

crystalline  and  edge-on  orientated  Y-T  guest  acceptor  can  reduce  the  strong

aggregation tendency of  Y6 and form the well-mixed three-dimension (3D) phase

separation  through  a  co-alloy  phase,  which  is  more  favorable  for  vertical  charge

transport  and  depression  of  carrier  recombination.  These  results  offer  a  new

perspective on the design of novel guest electron acceptors for higher performance

ternary OSCs.

2. Results and Discussion

Y-T is synthesized by Knoevenagel condensation reaction between 12,13-bis(2-ethyl

hexyl)-3,9-diundecyl-12,13-dihydro[1,2,5]thiadiazolo[3,4e]thieno[2″,3″:4′,5′]thieno

[2hieno3,9-pyrrolo[3,2g]thieno[3,2-b]indole-2,10-dicarbaldehyde  (S1)  and  1,3-

diethyl-2-thiobarbituric acid (DTBA). The synthetic details and characterizations of Y-

T are provided in the Supporting Information. The target molecule Y-T can dissolve

well  in  common  organic  solvents  including  dichloromethane,  chloroform  and

chlorobenzene with solubility  10 mg/mL. The chemical structures of the host and˃

guest  electron  acceptors  (Y6  and  Y-T),  and  the  electron  donor  polymer  PM6 are

depicted in Fig. 1a. It is known that the charge transfer behavior between the DA'D

core and the end-group A determines the optical characteristics in this A-DA'D-A type

acceptor. Instead of the commonly used IC derivatives as the end group of Y6-series

acceptors, the much weaker electron-withdrawing character of DTBA end group will
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therefore  be  able  to  alter  the  optical  and  electronic  properties  pronouncedly.  In

chloroform solution, Y-T shows a blue-shifted absorption (~77 nm) with a maximum

molar coefficient of 1.38 × 105 M-1 cm-1 (653 nm) relative to that of Y6, due to the

electron-withdrawing effects of DTBA end group on the DA'D core (Fig. S1). From

solution to film, the similar difference in absorption peaks are still observed for Y-T

and Y6 films,  respectively,  as  shown in  Fig.  1b.  More importantly,  the absorption

spectra  of  Y-T ranges  from 500 to  730  nm with  a  medium bandgap  of  1.64  eV,

providing the possibility to make full use of the absorption gap in PM6:Y6 binary

blend, which is favorable to enhance the solar energy utilization (Fig. 1b). Besides

absorption complementarity, the addition of Y-T guest acceptor in PM6:Y6 blend may

install a cascade energy transfer from Y-T to Y6 in the ternary system [44-46]. Fig. 1c

shows the steady-state PL spectra of Y6, Y-T and Y6:Y-T blends with the weight ratios

of 9:1 and 8:2 under excitation at 532 nm. The emission spectra of Y-T is ranged from

650 nm to 900 nm with the emission peak at 733 nm and has good overlap with the

absorption spectra of Y6 (Fig. 1c), which fulfills the requirement for the fluorescence

resonance energy transfer (FRET) from Y-T to Y6 [47]. When adding a small amount

of  Y-T into  Y6,  the  emission  of  Y6 is  gradually  increased  and blue-shifted  with

increasing fraction of Y-T. Also the emission from Y-T is completely quenched in the

Y6:Y-T  blend  even  at  10wt%,  indicating  that  there  is  an  efficient  FRET,  which

provides  an  extra  pathway  for  utilizing  photo  energy  and  may  contributes  to  the

enhanced photocurrent in ternary devices.  In addition,  this  efficient  FRET process

suggests the good miscibility and compatibility in the Y6 and Y-T co-alloy phase.
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As discussed above, a higher-lying LUMO level in the guest acceptor than that of

the host acceptor may be able to increase the Voc in the ternary OSC, and it is known

that the electron-withdrawing strength of the end group in NFA determines the LUMO

level. Therefore, it is expected that Y-T has a higher-lying LUMO level than that of Y6

because of the much weaker electron-withdrawing strength of DTBA in Y-T than that

of IC in Y6. As shown in Fig. 1d and Fig. S2, Y-T possesses a significantly raised

LUMO level of -3.70 eV compared to Y6 (-4.10 eV). The highest occupied molecular

orbital (HOMO) level of Y-T is estimated to be -5.42 eV, which showed an obvious

HOMO mismatch in the driving force for exciton separation. However, in the ternary

blend the two miscible acceptors with very similar molecular structures are considered

to form a mixed phase and act as an alloyed acceptor, the energy level of which is

closely associated with the Voc and exciton dissociation [29, 40, 42]. To verify this, the

energy levels  of  Y6:Y-T blend films  with  different  weight  ratios  are  characterized

using electrochemical methods. As shown in Fig. S2, the HOMO and LUMO levels of

Y6:Y-T blend films show a linear change with respect to different Y-T weight ratios,

implying that Y6 and Y-T formed an alloyed phase with a unified energy level [41].

The photovoltaic performance of the binary and ternary OSCs are investigated

using a conventional device architecture of ITO/PEDOT:PSS/active layer/PFN-Br/Ag.

All the devices are fabricated with a fixed donor/acceptor (D/A) weight ratio of 1:1.2,

and the ternary OSCs are constructed by tuning the Y-T content (5 wt%, 10 wt% and

15  wt%) in  the  acceptor  mixture.  The  detailed  device  fabrication  is  described  in

Supporting Information. The J-V curves of the optimal devices are shown in Fig. 2a
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and the detailed photovoltaic parameters are provided in Table 1. The PM6:Y6 binary

control device shows a PCE of 15.64% with a Voc of 0.846 V, a Jsc of 26.37 mA/cm2,

and a fill factor (FF) of 70.30%, which is comparable with the reported values [10, 17,

43]. On the other hand, the binary OSC based on PM6 and Y-T exhibits a poor PCE of

5.06% and a remarkably high Voc of 1.19 V, resulting from the smaller energetic offset

but  mismatched  HOMO  levels  between  electron  donor  and  acceptor.  For  ternary

OSCs, adding 5 wt% of Y-T into the PM6:Y6 blend slightly increases the PCE to

16.28% and decreases the energy loss to 0.470 eV with simultaneous improvement of

Voc and  FF.  The  ternary  device  based  on  PM6:Y6:10  wt%  Y-T  blend  shows  a

champion PCE as high as 17.37%, together with an enhanced Voc of 0.865 V, a slightly

increased Jsc of 26.90 mA/cm2, and an improved FF of 74.97%. Further increasing Y-T

ratio  (15 wt%) will  slightly decrease the PCE and energy loss,  and the efficiency

remained higher (17.11%) than that of the PM6:Y6 binary control device (15.64%). In

addition,  the  near-linear  compositional  dependence  of  Voc is  observed  in  Fig.  2b,

confirming that Y6 and Y-T can form an electronic alloy acceptor and create an energy

cascade.  The PL spectra provides more information to understand the performance

difference  in  the  binary  and  ternary  devices.  As  shown  in  Fig.  S3  (Supporting

Information), the emission of Y6 can be effectively quenched in the ternary blend,

while  PM6:Y6  binary  film  exhibits  relatively  higher  PL  intensity.  The  results

demonstrate that introduction of Y-T can induce more efficient exciton dissociation

and further explain the enhancement of  Jsc,  FF and PCE in the ternary device.  In

contrast, a strong PL emission of Y-T can be clearly observed in PM6:Y-T blend film,
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indicating  an  unfavorable  exciton  dissociation  and consistent  with  the  mismatched

energy levels  as  well  as  the  poor  device  efficiency.  We also  listed  in  Fig.  2c  the

recently  reported  PM6:Y6-based representative  ternary  devices  that  incorporated  a

guest component  [24-27, 35,  37,  40-42, 48-58]. It  is  notable that the ternary cells

containing Y-T guest acceptor yielded simultaneously improved PCE and Voc without

sacrificing Jsc, giving rise to a Jsc of 26.90 mA/cm2 which is the highest value reported

so far for PM6:Y6-based ternary OSCs. This work shows that constructing ternary

OSCs  based  on  host-guest  materials  with  very  similar  structures  is  a  simple  yet

effective approach for further improving device performance.

The  external  quantum efficiency  (EQE)  spectra  illustrated  that  both  PM6:Y6

binary and ternary devices showed nearly identical responses from 300 to about 950

nm with over 80% EQE values (Fig. 2d). As shown in Fig. S4, we further investigated

the EQE spectral difference (ΔEQE, calculated by EQEternary–EQEbinary), and found that

the  positive  ΔEQE curve  is  covering  from 300-570  and  670-820  nm,  due  to  the

enhanced  spectral  utilization  and  possibly  optimized  phase  separation  after  the

addition of Y-T. Besides, device based on PM6:Y-T blend exhibits a significantly lower

and narrower response,  which is  consistent with the poor  Jsc value from  J-V tests.

Accordingly, the calculated Jsc values integrated from the EQE spectra are 26.30, 8.97

and 26.43 mA/cm2 for the Y6 binary, Y-T binary and ternary devices, respectively. To

reveal  the  effect  of  guest  acceptor  on  the  charge  recombination  behavior,  the

dependence of Voc and Jsc on the light intensity (Plight) have been measured. The slopes

of the Voc-Plight curves help understand the degree of trap-assisted recombination, and
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the undesirable recombination could be ignored when the slope is close to kT/q [59].

As shown in Fig. 2e, the calculated slopes are 1.13 kT/q, 1.63 kT/q, and 1.02 kT/q for

PM6:Y6, PM6:Y-T, and the ternary devices, respectively, suggesting the significantly

suppressed trap-assisted recombination in the optimal ternary devices. On the other

hand, the dependence of Jsc on the light intensity is also investigated by a power law

equation  Jsc∝Plight
α [60].  Both  binary  devices  show  α values  close  to  unit  and the

closest value can be observed in the ternary device,  implying that the bimolecular

recombination  is  further  reduced after  incorporation  of  guest  acceptor  Y-T.  These

results indicated that the PM6:Y6:Y-T ternary system exhibits effectively suppressed

trap-assisted recombination and bimolecular recombination, which agreed well with

higher  Jsc and FF.  To understand the distinct  improvement of  FF value  in  ternary

devices, hole and electron mobilities are evaluated by the space charge limited current

(SCLC) method and the results  are shown in Fig.  S5 and Fig.  2f.  Compared with

PM6:Y-T device,  PM6:Y6 binary and ternary devices exhibit  higher charge carrier

mobilities. Moreover, the Y6 binary device shows a slightly higher hole mobility than

the ternary blend, while more balanced charge transport is observed in the ternary

blend, consistent with the relatively high FF of 74.97% for the ternary devices.

The molecular packing and orientation properties of the neat and blend films are

studied by grazing-incidence wide-angle X-ray scattering (GIWAXS). As shown in

Fig. 3a, strong out-of-plane (OOP) π-π diffraction peaks are observed at 1.717 Å-1 and

1.704  Å-1 for Y6 and PM6 neat films, respectively, indicating good crystallinity and

preferred  face-on orientation,  consistent  with  the  reported  results  [16,  61,  62].  In
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comparison with Y6, the pristine Y-T film shows a preferential edge-on orientation

and a weak in-plane (IP) π-π diffraction peak was found at 1.609 Å-1 with a d-spacing

of 3.905 Å, suggesting that the crystallinity and molecular orientation of acceptors can

be tuned by end group engineering [63]. The corresponding line-cut intensity profiles

along the OOP and IP directions are described in Fig. 3b. Accordingly, Y-T in neat film

shows a considerably lower crystalline coherence length (CCL) and peak area of π-π

diffraction peak in OOP direction than that of neat Y6 (Fig. 3c, Fig. 3d and Table S1),

further confirming the relatively weaker crystallization propensity of Y-T. Besides, the

peak  area  ratios  between  OOP and  IP  directions  are  6  and 10  for  Y6 and  PM6,

respectively, while that of Y-T is 0.73, implying that the π-π stacking of Y-T may favor

an  edge-on  orientation,  as  shown in  Fig.  S6.  Fig.  3e  plots  the  azimuthal  angular

distributions of the π-π stacking peaks. The Y-T film exhibits an apparent orientation

distribution in small azimuthal angle range, while the neat Y6 and PM6 films exhibit a

dominant  peak  at  90o,  all  consistent  with  their  respective  edge-on  and  face-on

orientations with respect to the substrate.

2D GIWAXS and scattering profiles of the blend films are shown in Fig. 4, and

these related parameters are summarized in Supporting Information (Table S2). As

shown in Fig. 4a, both binary and ternary films adopt a face-on orientation with strong

OOP π-π  stacking  peaks  between  1.71 Å-1 and  1.78  Å-1,  matching  well  with  the

azimuthal intensity profiles for the blend films (Fig. S7a). More specifically, PM6:Y6

binary film exhibits closer π-π stacking (qz = 1.783 Å-1,  d-spacing = 3.524 Å) and

higher crystallinity (CCL = 18.23 Å) in the OOP direction than the PM6:Y-T binary
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film (qz = 1.711 Å-1,  d-spacing = 3.673 Å, and CCL = 13.77 Å), suggesting that the

molecular packing features of the neat films were preserved in the blends (Fig. 4b and

Table S2).

For the ternary blend, the OOP π-π characteristic peak shifted to 1.744 Å00 -1

with a slightly lower CCL value of 18.07 Å when compared with the PM6:Y6 film

(Fig. S7b), indicating that small ratio of Y-T does not perturb the crystallite orientation

of PM6:Y6 blend, but slightly weaker crystallinity in the ternary film can be expected,

which  correlates  well  with  marginally  reduced  but  balanced  charge  mobility.

Considering these diffractive features and the formation of electronic alloy phase as

discussed above, we speculate that a small fraction of 3D acceptor alloy exist in the

ternary film, which not only maintain the favorable face-on crystalline orientation with

respect to  the substrate,  but also lead to the formation of three-dimensional phase

separation and provide more charge transport  channels,  as shown in Fig.  4c.  Such

alloyed microstructure may be beneficial to facilitate charge transport and suppress

carrier recombination, consistent with the enhancement of Jsc and FF as well as PCE

in ternary devices.

The morphologies of the binary and ternary active blends are further investigated

by atomic force microscopy (AFM). As shown in Fig. 5, the PM6:Y6 and PM6:Y-T

binary  films  display  larger  aggregates  with  a  root-mean-square  (RMS)  surface

roughness of 1.58 nm and 2.03 nm, respectively. It is clear that after adding 10 wt% Y-

T, the morphology of ternary active layer is modified with a decreased RMS of 0.997

nm,  implying  that  small  amount  of  the  guest  acceptor  plays  a  positive  role  in
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optimizing surface morphology and phase separation. From the 3D height images, we

can find that the ternary film shows smaller and more uniform film surface than the

binary films, which improves exciton dissociation and is consistent with the GIWAXS

results.

3. Conclusion

In  summary,  we  have  developed  a  new  Y-series  guest  acceptor  (Y-T)  by

employing weakly electron-withdrawing DTBA as the terminal group. Compared with

the PM6:Y6 binary control device (15.64%), the optimal ternary device delivers an

impressive PCE of 17.37% (11% enhancement), with simultaneous improvement of

Voc, Jsc, and FF. Systematic investigation of the role of Y-T as the third component in

the ternary system reveals that the Y-T guest acceptor not only acts as energy-level and

crystallization modulators, but also provides additional energy transfer channel and

well-mixed  3D  alloy  acceptor  phase  in  the  ternary  blend,  which  contribute

synergistically to produce superior device performance. These results demonstrate that

constructing guest molecules with similar structural backbone of host material is a

promising strategy to further improve the PCE of state-of-the-art binary OSCs. 
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Fig.  1. a) Molecular structure of  the host-guest  non-fullerene acceptors  (Y6 and Y-T) and the
electron donor PM6. b) Normalized UV-Vis absorption spectra of the neat and ternary blend films.
c) PL spectra of Y6, Y-T and their mixtures at the weight ratios of 9:1 and 8:2 under excitation at
532 nm. d) Schematics of the energy level and the working mechanism in this ternary OSCs.

Fig. 2. a) J-V curves of the PM6:Y6-based OSCs with different weight ratios of Y-T. b) Voc, Jsc, FF
and PCE dependence on Y-T content in acceptors. c) Plots of Jsc against Voc and PCE for PM6:Y6-
based representative ternary devices in the literatures and in this study. d) EQE spectra of the
binary and the optimal ternary devices. e) Plots of  Voc and Jsc against the incident light intensity
(Plight) for the binary and the optimal ternary devices. f) Electron and hole mobilities and their
ratios of the binary and the optimal ternary devices.
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Fig. 3. a) 2D GIWAXS patterns for Y6, Y-T and PM6 neat films. b) Scattering profiles for Y6, Y-

T and PM6 neat films. c) The d-spacing and crystal coherence length (CCL) of (010) diffraction 

planes in OOP direction for Y6, Y-T and PM6 neat films. d) The peak area and peak area ratio of 

(010) diffraction planes for Y6, Y-T and PM6 neat films. e) Azimuthal intensity profiles for Y6, Y-

T and PM6 neat films.
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Fig. 4. a) 2D GIWAXS patterns for binary and ternary blend films. b) Scattering profiles for 

binary and ternary blend films. c) Molecular packing sketch map for the ternary film.

Fig. 5. AFM height and three-dimensional height images for binary and ternary blend films.
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Table 1. Photovoltaic parameters of the ternary OSCs based on PM6:Y6:Y-T blends with various
Y-T ratios

Y-T ratioa) 
(wt %)

Voc 
(V)

Jsc 
(mA/cm2)

FF 
(%)

PCEb)

(%)
Jcal

c)

(mA/cm2)
Eloss

d)

(eV)

0% 0.846 26.37 70.30
15.64 (15.43 ±

0.18)
26.30

0.474

5% 0.850 26.37 72.88
16.28 (15.86 ±

0.25)
-

0.470

10% 0.865 26.90 74.97
17.37 (17.04 ±

0.21)
26.43

0.455

15% 0.869 26.28 75.24
17.11 (16.88 ±

0.20)
-

0.451

100% 1.190 9.21 46.15 5.06 (4.90 ± 0.12) 8.97 0.450

a) Weight ratio of Y-T in the host-guest acceptor mixture (total D/A ratio is kept as 1:1.2); b) Values in parentheses

are the average PCEs for ten devices; c) Calculated Jsc from EQE curves; d) Energy loss calculated from the optical

band gap of blend films and Voc.
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