
https://onlinelibrary.wiley.com/action/showCampaignLink?uri=uri%3Af1548cb3-bb85-4e68-b9dc-89c74cda5d0e&url=https%3A%2F%2Fwww.sigmaaldrich.com%2FUS%2Fen%2Fproducts%2Fmaterials-science%2Fenergy-materials%2Fsolar-energy-materials%3F%26utm_source%3Dchemanager%26utm_medium%3Donline%2520display%2520ad%26utm_campaign%3Dindustrial%2520chemical%2520manufacturing-tid-2022045017&pubDoi=10.1002/aenm.202201076&viewOrigin=offlinePdf


www.advenergymat.de

2201076  (1 of 10) © 2022 Wiley-VCH GmbH

Manipulating Charge Transfer and Transport via 
Intermediary Electron Acceptor Channels Enables 19.3% 
Efficiency Organic Photovoltaics

Lingling Zhan,* Shuixing Li, Yaokai Li, Rui Sun, Jie Min, Yiyao Chen, Jin Fang, 
Chang-Qi Ma, Guanqing Zhou, Haiming Zhu, Lijian Zuo, Huayu Qiu, Shouchun Yin,* 
and Hongzheng Chen*

DOI: 10.1002/aenm.202201076

Y-serious acceptors and the multi-com-
ponents strategy, the power conversion 
efficiencies (PCEs) of the single-junction 
OPVs have already reached 19%,[19,20] 
with the best fill factors (FFs) exceeding 
80%.[21,22] However, the trade-off between 
the open-circuit voltage (Voc) and the 
short-circuit current density (Jsc) still 
remains as a challenge to handle with in 
OPV devices.[23–27] Therefore, the syner-
gistic improvement of Voc and Jsc will be 
attractive for marching the efficiencies fur-
ther for OPVs.[28–30]

The charge transfer (CT) state cannot 
only affect the energy loss (Eloss) but also 
the generation efficiency of photo-induced 
carriers.[26] Narrowing the offset (ΔELE-CT) 
between the energy level of the CT state 
(ECT) and the lowest excited state (ELE) 
may reduce the probability of excitons 

quenching back to the ground state, which helps in mitigating 
Eloss for a higher Voc. However, the diminished driving force 
is not in favor of exciton dissociation for a higher Jsc, and vice 
versa.[29] The properties of CT states at the donor–acceptor 
(D–A) interfaces are supposed to be affected by the morphology 

Balancing and improving the open-circuit voltage (Voc) and short-circuit cur-
rent density (Jsc) synergistically has always been the critical point for organic 
photovoltaics (OPVs) to achieve high efficiencies. Here, this work adopts a 
ternary strategy to regulate the trade-off between Voc and Jsc by combining 
the symmetric-asymmetric non-fullerene acceptors that differ at terminals 
and alkyl side chains to build the ternary OPV (TOPV). It is noticed that the 
reduced energy disorder and the enhanced luminescence efficiency of TOPV 
enable a mitigated energy loss and a higher Voc. Meanwhile, the third com-
ponent, which is distributed at the host donor–acceptor interface, acts as the 
charge transport channel. The prolonged exciton lifetime, the boosted charge 
mobility, and the depressed charge recombination promote the TOPV to 
obtain an improved Jsc. Finally, with synergistically improved Voc and Jsc, the 
TOPV delivers an optimal efficiency of 19.26% (certified as 19.12%), repre-
senting one of the highest values reported so far.
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1. Introduction

Organic photovoltaics (OPVs) have been rapidly advanced, ben-
efitted from the novelty of materials,[1–9] and intelligent device 
engineering.[10–18] Especially based on the exquisite designed 
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of the active layer,[31–33] while ternary OPV (TOPV) is proven to 
be an effective way for energy level regulation and morphology 
optimization.[18,34,35] For designing efficient TOPVs, if the third 
component helps upshift the ECT in TOPV, we can expect the 
mitigated non-radiative recombination process for acquiring a 
reduced energy loss (Eloss).[36] On the other hand, if the third 
component locates at the host D-A interfaces, the generated 
extra charge transport channels can help exciton dissociation, 
thus counteracting the deficiency of reduced driving force 
arising from lifted CT state, and enabling high Jsc for pursuing 
a breakthrough in efficiency.[37,38]

The surface energy difference between materials acts as 
the dominant factor for determining the position of the third 
component in the blends.[21,38] The third component with a 
more obvious surface energy difference to the host D or A, 
representing weaker compatibility, is believed to locate at the 
host D/A interface more easily.[39–41] With the above thoughts, 
we here select symmetric-asymmetric non-fullerene acceptors 
(NFAs) with different terminals and alkyl side chains to con-
struct the TOPV. The symmetric L8-BO has good compatibility 
with PM6,[42] while the newly synthesized asymmetric BTP-
S10 bearing six chlorine atoms shows weak compatibility with 
PM6, which makes BTP-S10 mainly located at the host D/A 
interfaces for working as extra charge transport channels. It’s 
also found that the diminished ΔELE-CT and enhanced lumi-
nescence efficiency of TOPV contribute to the lower Eloss and 

the higher Voc.[43] Besides, the prolonged exciton lifetime, the 
boosted charge mobility, and the depressed charge recombina-
tion are observed in TOPVs, thus benefitting the increase of Jsc 
in TOPVs. As a result, TOPV based on PM6:L8-BO:BTP-S10 
delivers a champion efficiency of 19.26% (certified as 19.12%) 
with an increased Voc of 0.898 V, an improved Jsc of 26.80 mA 
cm−2, and a high FF of 80.22%, which represents one of the 
highest efficiencies reported to date. This work provides a work-
able ternary design for synergistically boosting Voc and Jsc, thus 
pursuing higher efficiencies.

2. Results and Discussion

2.1. Synthesis and Characterization

Figure 1a shows the chemical structures of polymer donor 
PM6, symmetric acceptor L8-BO, and newly synthesized asym-
metric acceptor BTP-S10. The synthetic details of BTP-S10 can 
be found in Supporting Information with basic material prop-
erties shown in Figures S1–S4, Supporting Information. L8-BO 
is an efficient NFA reported by Sun et  al. with two branched 
alkyl side chains on the β-position of thiophene rings, enabling 
improved molecular packing for high FF over 80% and high 
PCE over 18%. However, it can be aware that the Eloss (0.55 eV) 
is still a bit high, and the active layer is also a bit thin, thus 

Figure 1.  a) Chemical structure of PM6, L8-BO, and BTP-S10. b) Energy diagram of PM6, L8-BO, and BTP-S10 determined by CV measurements.  
c) Normalized UV spectra of neat films.

Adv. Energy Mater. 2022, 12, 2201076
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limiting the Voc and Jsc values for the PM6:L8-BO system. To 
enable a lower Eloss and higher photovoltaic performance, the 
designed third component should be the one with higher lumi-
nescence efficiency and also lower miscibility with the polymer 
donor.[15,41] Based on these considerations, BTP-S10 is designed 
with maximal six chlorine atoms at the terminals for enhancing 
emission, an asymmetric configuration and two shorter linear 
alkyl side chains on the β-position of thiophene rings for 
reducing miscibility with polymer donor.[43] The resulting BTP-
S10 possesses a lowest unoccupied molecular orbital (LUMO) 
level of −3.85 eV and a highest occupied molecular orbital 
(HOMO) level of −5.57 eV, deep enough for pairing with PM6. 
Removing the cyano-group on one side reduces the quinoid 
resonance effect, thus blue-shifting the absorption of BTP-S10, 
relative to that of L8-BO.

Contact angle experiments were performed to check the 
miscibility situations (Figure 2a and Table S1, Supporting 
Information) and get the Flory–Huggins interaction parameter 
χ.[44] The smaller χD−A it is, the better miscibility it is, and vice 
versa.[45,46] The value of χD−A between PM6 and BTP-S10 is cal-
culated as 2.153, while only 0.473 between PM6 and L8-BO, cer-
tifying the significantly reduced miscibility between PM6 and 
designed BTP-S10. After 20% (by wt) BTP-S10 is introduced, the 
obtained L8-BO:BTP-S10 composite shows an increased χD−A of 
1.121, indicating BTP-S10 is effective in tuning the miscibility 
between donor and acceptor.

To figure out where the introduced BTP-S10 locates in the 
ternary system (D:A1:A2), the wetting coefficient (ω) of the third 
component A2 in the mixture of D:A1 is calculated according to 
Young’s equation:[47]

A
A A D A

D A

ω
γ γ

γ
=

−/ /

/
2

1 2 2

1 	
(1)

where A Aγ /1 2 means the interfacial tension between A1 and A2, 
and can be calculated using Wu’s Equation:[47]
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The A
dγ  and A

pγ  are the dispersion and polar components of γA.  
The calculated interfacial tension γL8−BO/BTP−S10, γPM6/L8−BO, 
and γPM6/BTP−S10 are 2.77, 1.62, and 4.63 mN m−1, respectively. 
Component A2 will lie in the phase of component D if the wet-
ting coefficient is larger than 1 ( Aω 2  > 1), but in the domain 
of component A1 if Aω 2 <  −1. If −1 < Aω 2  < 1, then compo-
nent A2 will be located at the interfaces of D and A1.[47] For 
PM6:L8-BO:BTP-S10 ternary blend, the ωBTP − S10 is calculated 
as −0.98 (Table S1, Supporting Information), confirming that 
BTP-S10 is located at the interfaces between PM6 and L8-BO. 
The BTP-S10 component in the sandwich structure of blend 
can work as channels for boosting exciton dissociation and 

Figure 2.  a) Contact angle images of PM6, L8-BO, L8-BO:BTP-S10, BTP-S10 films with water and diiodomethane droplet on top. b) J–V curves of 
PM6:L8-BO:BTP-S10 OPVs with different weight ratios of BTP-S10. c) EQE curves of the corresponding devices with different weight ratios of BTP-S10. 
d) Statistical PCE variations with the change of BTP-S10 ratio.

Adv. Energy Mater. 2022, 12, 2201076
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charge transport, thus helping improve the Jsc of TOPVs as 
proven below.

2.2. Photovoltaic Characteristics

The conventional device structure of indium tin oxide 
(ITO)/poly(3,4-ethylenedioxythiophene) poly(styrene sul-
fonate) (PEDOT:PSS)/active layer/bisfulleropyrrolidinium 
tris(methoxyethoxy) phenyl iodide (Bis-FIMG)/Ag was applied 
to fabricate OPVs for evaluating photovoltaic performances. 
Fabrication details are described in Supporting Information. 
Figure 2b shows the J–V curves of the optimal binary and ter-
nary devices and relevant photovoltaic parameters are sum-
marized in Table 1 (the original parameters of various devices 
are listed in Table S2, Supporting Information). For PM6:L8-
BO binary OPV, the performance is found to be a PCE of 
18.30%, with a Voc of 0.880 V, a Jsc of 26.16 mA cm−2, and a FF 
of 79.34%. For PM6:BTP-S10 binary OPV, it delivers a PCE of 
13.44% with a high Voc of 0.943 V, a Jsc of 20.54 mA cm−2, and a 
FF of 69.46%. Obviously, PM6:BTP-S10 binary system shows a 
significantly superiority in voltage, providing great possibility in 
enhancing the voltage of TOPVs by adding BTP-S10 as the third 
component. As expected, with increasing the weight ratios of 
BTP-S10 in ternary blends, a gradual increase in Voc can be 
observed (Table S4, Supporting Information), and the optimal 
PCE of TOPVs is achieved with 20% BTP-S10 ratio. The cham-
pion TOPV exhibits an outstanding PCE of 19.26% with a Voc of 
0.898 V, a Jsc of 26.80 mA cm−2, and a FF of 80.22%. Relative to 
PM6:BTP-S10 binary system, all three device parameters, espe-
cially Voc and Jsc, are improved in TOPVs, certifying the success 
of utilizing BTP-S10 as the third component to optimize voltage 
and photocurrent as intended design purpose. The statistical 
results of PCE variations for binary and ternary devices also 
confirm the effectiveness of the ternary strategy (Figure  2d). 
In order to verify the efficiency reliability, 40 individual ternary 
devices based on PM6:L8-BO:BTP-S10 blend are fabricated and 
tested (Figure S5, Supporting Information). The efficiencies of 
most devices are lying around 19%, confirming the effective-
ness of this ternary system. Moreover, the champion TOPV 
was also sent to the National PV Industry Measurement and 
Testing Center (NPVIM) for certification, and a certified PCE of 
19.12% (Voc = 0.892 V, Jsc = 26.88 mA cm−2, and FF = 79.73%) 
was achieved (Table 1 and Figure S6, Supporting Information).

The EQE spectra of relevant devices are shown in Figure 2c. 
The addition of BTP-S10 will lead to a tiny blue-shifted absorp-
tion edge, but bring obvious benefits in sharper edge and higher 
EQE values in the broad range of ≈400–850 nm for TOPV, thus 

being responsible for the Jsc enhancement as detected in J–V 
curve. The calculated Jcal. values of the devices from the EQE 
curves are consistent with the measured Jsc values in the J–V 
curves with the errors less than 3% (Table  1). To confirm the 
high EQE response, we measured and calculated the IQE of 
the optimal ternary device (Figure S7, Supporting Information). 
The parasitic absorption spectrum could be calculated by 1 − R1, 
and the total absorption spectrum of the ternary device could be 
calculated by 1 − R2, where R1 is the reflection spectrum of the 
ternary device without active layer and the R2 is the reflection 
spectrum of the whole ternary device. So, the total absorption 
of the active layer could be calculated by minusing the parasitic 
absorption from the absorption of the whole device. In other 
words, Abs = (1 − R2) − (1 − R1) = R1 − R2.[48] As calculated by the 
equation: IQE = EQE/Abs = EQE/(R1 − R2), and corresponding 
IQE spectra are shown in Figure S7, Supporting Information. 
In the wavelength range from 450 to 850 nm, the ternary device 
displays high IQE value, indicating the efficient photo-current 
conversion and slight charge recombination in the optimized 
ternary system.

2.3. Energy Loss

To explain the variation in voltage for TOPVs, we carried out a 
detailed analysis of the Eloss for the binary and ternary OPVs, 
which can be quantified as the following formula:[49]

loss g oc oc
SQ

oc
SQ

oc
rad

oc
rad

oc

g oc
SQ

oc
rad,below gap

oc
non–rad

1 2 3

E E q V E qV qV qV qV qV

E qV q V q V E E E

g ( ) ( )( )
( )

= − = − + − + −

= − + ∆ + ∆ = ∆ + ∆ + ∆
	

(3)

where Eg is the band-gap, Voc
SQ is the maximum Voc under the SQ 

limit, and V∆ oc
rad is the Voc when only radiative recombination is 

considered. We determined the Eg value by the derivatives of 
the Fourier transform photocurrent spectroscopy (FTPS)-EQE 
curve and then calculated with the following equation:[50]
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(4)

where the integration limits a and b are chosen as the P(a) = 
P(b) = 0.5Max[P(Eg)] (Figure S8, Supporting Information). ΔE1 
is an unavoidable part. ΔE2 is the part affected by the blends’ 
reorganization energy and energy disorder degree. For ΔE3, it 
has a quantitative relationship with the luminescence efficiency 

Table 1.  The performance parameters of the champion devices based on PM6:L8-BO:BTP-S10 with different BTP-S10 contents.

BTP-S10 ratio [%] Voc [V] Jsc [mA cm−2] Jcal. [mA cm−2]a) FF [%] PCE [%]b)

0 0.880 (0.877 ± 0.003) 26.16 (26.24 ± 0.26) 25.35 79.34 (79.12 ± 0.73) 18.30 (18.21 ± 0.08)

20 0.898 (0.902 ± 0.004) 26.80 (26.59 ± 0.14) 26.19 80.22 (79.87 ± 0.24) 19.26 (19.11 ± 0.06)

100 0.943 (0.947 ± 0.003) 20.54 (20.54 ± 0.13) 19.93 69.46 (68.74 ± 0.94) 13.44 (13.34 ± 0.09)

20c) 0.892 26.88 79.73 19.12

a)Integrated current densities from EQE curves; b)Average PCEs from 10 devices; c)Certified results from National PV Industry Measurement and Testing Center (NPVIM).

Adv. Energy Mater. 2022, 12, 2201076
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of photovoltaic materials, which can be expressed as the fol-
lowing formula:[50]

E q V kT EQEoc
non rad

EL( )∆ = ∆ = −− ln3 	 (5)

where k is the Boltzmann constant, T is the Kelvin tempera-
ture, and EQEEL is the electroluminescence quantum efficiency 
of the device. The characterization method for calculating 
Eloss is shown in Figure 3 and Figure S9, Supporting Infor-
mation, and the calculated detailed Eloss is shown in Table 2.  
It is found that the bandgap of TOPV is negligibly affected, 
but the Eloss is reduced to 0.542  eV, thus enabling a higher 
Voc than relevant binary OPV based on PM6:L8-BO (Eloss  = 
0.556  eV). Binary OPV based on PM6:BTP-S10 shows the 
lowest Eloss of 0.523 eV, verifying BTP-S10 as a low-energy-loss  
material as intended design strategy. The reduction of Eloss for 
TOPV is the result of both mitigation of ΔE2 and ΔE3, ben-
efitted from BTP-S10.

By examining electroluminescence spectroscopy (EL) and 
high-resolution Fourier transform photocurrent spectroscopy 
EQE spectra (FTPS-EQE), we find that the decrease in ΔE2 in 

TOPV is possibly related to the degree of energy disorder. The 
degree of the energy disorder can be quantified by an Urbach 
energy parameter (Eu), which follows Urbach’s rule as follows:[6]

E e
E E

EUα α( ) =
( )−

0

0

	
(6)

In the formula, α(E) is the absorption coefficient, α0 and E0, 
are two constants, and E is the photon energy. A smaller EU 
indicates a lower energy disorder. By fitting FTPS-EQE curves 
according to Equation (5), EU values are found to be 27.27 meV 
for PM6:L8-BO OPV, 25.71 meV for TOPV, and 25.40 meV for 
PM6:BTP-S10 OPV (Figure S9, Supporting Information). The 
reduction in EU confirms the effect of energy disorder mitiga-
tion on ΔE2 for TOPV, which is consistent well with the sharper 
EQE edges of the TOPV, as mentioned above.

For analyzing the ΔE3, we detected and compared the binary 
and ternary devices’ CT states and their luminescence efficien-
cies.[51] ECT can be extracted by performing Gaussian fits on 
highly sensitive EQE and EL in the spectral range of charge 
transfer (CT) absorption with the Marcus equations:[52]

Figure 3.  Gaussian fits of FTPS-EQE and EL curves via Marcus equation for devices based on a) PM6:L8-BO, b) PM6:L8-BO:BTP-S10, and c) PM6:BTP-
S10 blend. d) A schematic diagram of energy levels of the CT and LE states, and relevant ΔELE-CT for host binary system and ternary system (CT1, LE1, 
ΔELE-CT, CT2, LE2, and ΔE’LE-CT represents the CT state, LE state, and their energy offset of PM6:L8-BO and ternary blend, respectively). e) EQEEL of 
corresponding OPVs at various bias voltages. f) Comparison of ΔE1, ΔE2, and ΔE3 values and Eloss.

Table 2.  Detailed energy losses of OPVs based on PM6:L8-BO:BTP-S10 with different BTP-S10 contents.

BTP-S10 ratio [%] Eg [eV] qVoc [eV]
oc
SQqV  [eV] oc

radqV  [eV] ∆E1 [eV] ∆E2 [eV] ∆E3 [eV] Eloss [eV] Exp. ∆ −
oc
non radq V  [eV] EQEEL

a) (×10−2%)

0 1.440 0.884 1.183 1.091 0.257 0.092 0.207 0.556 0.208 3.30 (3.40 ± 0.10)

20 1.441 0.899 1.184 1.097 0.257 0.086 0.199 0.542 0.201 4.22 (4.24 ± 0.03)

100 1.475 0.952 1.214 1.132 0.261 0.082 0.180 0.523 0.185 7.64 (7.53 ± 0.05)

a)The value in parentheses is the average EQEEL from three devices.

Adv. Energy Mater. 2022, 12, 2201076
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where λj is the reorganization energy; fj is the electronic cou-
pling (transfer integral) between states. The results of Gaussian 
fits are shown in Figure  3a–c. The ECT value is found to be 
1.365  eV for PM6:L8-BO, 1.375  eV for PM6:L8-BO:BTP-S10,  
and 1.417  eV for PM6:BTP-S10-based devices, respectively. 
Then, with the ELE values (1.420, 1.427, and 1.455  eV, for 
PM6:L8-BO, PM6:L8-BO:BTP-S10, and PM6:BTP-S10 devices, 
respectively),[36] the energy offset (ΔELE-CT) between ECT 
and ELE is calculated as 55 meV for PM6:L8-BO, 52 meV for 
PM6:L8-BO:BTP-S10, and 38 meV for PM6:BTP-S10-based 
devices, respectively. Figure  3d shows a schematic diagram of 
the CT and LE states and relevant ΔELE-CT for the host binary 
and ternary systems. The reduced ΔELE-CT facilitates the exci-
tons transfer from the CT state back to the LE state,[53] which 
may mitigate the non-radiative relaxation and boost the lumi-
nescence efficiency, and partly decrease the non-radiative 
recombination.[54]

As shown in Figure  3e, the PM6:BTP-S10 device has the 
highest EQEEL of 7.64 × 10−2%, which is over two times than 
that of the PM6:L8-BO device (3.30 × 10−2%). For TOPV, the 
EQEEL is measured as 4.22 × 10−2%. The enhanced lumines-
cence efficiency of TOPV results in a reduction in the ΔE3. 
The above results indicate that the enhanced luminescence 
efficiency of TOPV is partly caused by the reduced ΔELE-CT and 
partly derived from the high ELQY of the BTP-S10-based device, 
which is in accordance with the EL results and could explain 
well the reduced non-radiative recombination loss (ΔE3) in the 
ternary device.

Finally, due to both mitigations of ΔE2 and ΔE3, TOPVs show 
a lower Eloss, thus enabling an increased voltage. Therefore, our 
ternary strategy can effectively reduce Eloss by mitigating both 
radiative and non-radiative combination loss.

2.4. Behaviors of Excitons and Charges

We study the effect of symmetric–asymmetric ternary strategy 
on the dynamic behavior of carriers in the photon-electron pro-
cess and precisely analyze the behaviors of charge generation (or 
exciton separation), transport, and recombination. The charge 
separation of the three blends was investigated using the tran-
sient absorption spectroscopy (TAS) technique. Here, we only 
focus on hole transfer kinetics, since the LUMO offset is large 
enough to maintain efficient electron transfer for these three 
OPV systems. 800 nm laser is used to selectively excite NFAs. 
For neat acceptor film, L8-BO shows pronounced bleaching 
peaks at ≈630, ≈720, and ≈810 nm (Figures S10 and S11, Sup-
porting Information). As comparison, BTP-S10 has obvious 
bleaching peaks at ≈690 and ≈760 nm. For the L8-BO:BTP-S10 

blend, the bleaching peaks resembles those observed in L8-BO 
film. For the D:A blends, the corresponding photo-bleaching 
peaks from acceptors appear immediately after photo-excitation 
(Figure 4a,b). Then, with the decay of TA signals from accep-
tors, a new bleaching peak appears at ≈640 nm, which is con-
sistent with the absorption feature of PM6 and represents the 
hole transfer from the acceptor to donor. The hole transfer 
kinetics are then extracted and shown in Figure  4c, in which 
the early-stage dynamics with a linear scale, and the region of 
late-stage with a logarithmic scale, shows more reasonable for 
the analysis of hole transfer dynamic.[55] The real hole transfer 
rate in blend films can be calculated to be by kHT  = kr  − k0, 
where kr

rτ= 1 , and k τ= 1
0

0
, τ0 is the lifetime of neat acceptor 

with single exponential fitting and τr is the rising time of bleach 
of PM6 with single exponential fitting. Then, we can obtain 
the real hole transfer time (τr) as 8.48 ps for 0% device, 9.74 ps 
for 20% device, and 10.58 ps for 100% device, fast enough for 
achieving efficient charge separation (Figure  4d). Overall, the 
interfacial charge transfer rates are fast for all three OPV blends 
under similar conditions, demonstrating that charge separation 
is unaffected when reducing the Voc loss with ternary strategy.

Time-resolve photoluminescence spectra (TRPL) (Figure 4e) 
were carried out to analyze OPVs’ exciton lifetime and disso-
ciation behavior. The fluorescence lifetime of PM6:L8-BO blend 
is the lowest (τ = 79  ps), demonstrating that the excitons dis-
sociate faster in this binary system, which is consistent with 
its lower CT state. Another binary blend of PM6:BTP-S10 pos-
sesses a τ of 94 ps, consisted with the higher CT state. More-
over, an improved exciton lifetime of 86 ps is observed for the 
ternary blend, relative to the PM6:L8-BO binary one, which 
provides a possibility for the ternary blend exhibiting partly 
enlarged domains for higher carrier mobility and achieving less 
charge recombination.

The space charge limited current (SCLC) method was 
applied to measure the charge transport properties of OPVs. 
The results are shown in Figure  4f and Figure S13 and Table 
S4, Supporting Information. For the hole mobility (µh), the 
values for devices based on PM6:L8-BO, PM6:BTP-S10, and 
PM6:L8-BO:BTP-S10 blends are measured as 9.41 × 10−4,  
8.85 × 10−4, and 9.72 × 10−4 cm2 V−1 s−1. For the electron mobility 
(µe), the PM6:L8-BO:BTP-S10 device demonstrates an improved 
value of 4.13 × 10−4 cm2 V−1 s−1, relative to those of PM6:L8-BO  
(2.34 × 10−4 cm2 V−1 s−1) and PM6:BTP-S10 (0.37 × 10−4 cm2 V−1 s−1)  
binary devices. Therefore, TOPV presents the highest hole and 
electron mobility, and more balanced hole/electron mobility 
ratio, thus beneficial for the enhancement in Jsc and FF.

The charge recombination of OPVs is analyzed by meas-
uring J–V curves under various light intensities (Plight). The 
relationship between Voc and Plight can be described as Voc ∝ 
nkT/eln(Plight), where e, k, and T are elementary charge, Boltz-
mann constant, and temperature in Kelvin, respectively. As 
shown in Figure S12a, Supporting Information, the slopes of 
PM6:L8-BO, PM6:L8-BO:BTP-S10, and PM6:BTP-S10 OPVs 
are 1.12, 1.01, and 1.04 kT e−1, respectively, which indicates that 
monomolecular recombination is well hindered in TOPV. The 
correlation study between Jsc and Plight (Jsc ∝ Plight) shows that 
the bimolecular recombination of the TOPV presents a similar 
situation as that of PM6:L8-BO binary device (Figure S12b, Sup-
porting Information). Anyway, charge recombination situation 
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of TOPV is optimized, which contributes to Jsc and FF of ter-
nary devices.

2.5. Film Morphology

The photoactive layer’s top surface structure and aggregation 
properties were studied using atomic force microscopy (AFM). 
As shown in Figure 5a, the PM6:L8-BO film is smooth with a 
minor roughness (root-mean-square [RMS]) of 1.01 nm, due to 
the good compatibility between PM6 and L8-BO. In contrast, 
the surface of the PM6:BTP-S10 film is obviously rougher 
(RMS = 2.27  nm) than that of the PM6:L8-BO film, demon-
strating the worse miscibility between PM6 and BTP-S10. For 
the ternary blend, the roughness increases to 1.16 nm with pos-
sibly a bit enlarged domain sizes, as a result of reduced mis-
cibility between PM6 and L8-BO:BTP-S10. The corresponding 
AFM phase images are displayed in Figure S14, Supporting 
Information.

Further, the orientation and packing of molecules in the 
relevant films were explored by grazing wide-angle X-ray scat-
tering (GIWAXS) characterization, as shown in Figure  5b–d 
and Figure S15, Supporting Information. For the neat acceptor 
films, L8-BO and BTP-S10 offer strong π–π  stacking peaks 
(≈1.72 Å−1, d  = 0.37  nm) in the out-of-plane (OOP) direction, 
while in the in-plane (IP) direction, both acceptors also have 
a strong lamellar peak (≈0.39 Å−1, d  = 1.64  nm), representing 
both acceptors prefer a face-on orientation. The result of 
L8-BO:BTP-S10 blend resembles those observed in L8-BO, indi-
cating the introduction of BTP-S10 will not destroy the crystal 

structure of L8-BO. The D:A blend retains the packing prop-
erties of the polymer donor PM6 and acceptor molecules, and 
the ternary blend film is consistent with the trend of the two 
acceptor blends in terms of molecular packing orientation, 
which contribute to the enhanced charge transport properties 
of the ternary blend films, as shown in Table S4, Supporting 
Information.

3. Conclusion

In conclusion, we demonstrate an efficient ternary strategy to 
achieve a synergistic improvement of Voc and Jsc via mixing 
two NFAs, that is, symmetric acceptor (L8-BO) and asym-
metric acceptor (BTP-S10), with different terminals and alkyl 
side chains. It shows that the increase of Voc in the TOPV is 
partly due to the lower radiative recombination loss that origi-
nated from the reduced degree of energy disorder, partly due 
to the reduced non-radiative recombination loss caused by the 
diminished ΔELE-CT and the higher luminescence efficiency 
in TOPV. Wetting coefficient value confirms that BTP-S10 
locates at the interface of PM6:L8-BO in the ternary blend, 
offering extra exciton separation and charge transport chan-
nels. Exciton kinetics and morphological analysis indicate 
that the ternary blends maintain a high efficiency of exciton 
dissociation, obtain a longer exciton lifetime, and achieve the 
reduced charge recombination degree. The homogeneously 
mixed ternary films maintain good phase separation and domi-
nant face-on orientation, thus promoting the charge transport 
capability in TOPV. The benefits in both charge transport and 

Figure 4.  a) Color plot of TA spectra of PM6:L8-BO:BTP-S10 blend films under 800 nm excitation. b) The corresponding TA spectra. c) Hole transfer 
kinetics in three blend films. d) Comparisons of τr of different blends. e) TRPL of PM6:L8-BO, PM6:L8-BO:BTP-S10, and PM6:BTP-S10 thin films probed 
at 850–950 nm (illustrations: instrument response kinetics). f) Electron mobility and hole mobility comparisons of relevant blends (error bar is defined 
as the standard deviation, which is calculated from the statistics results of eight devices).
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charge recombination should be responsible for the increase 
of Jsc in the TOPV. Finally, all above privileges contribute to 
the achievement of a champion PCE of 19.26% for the TOPVs, 
which is currently one of the highest reported values of single-
junction OPV.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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