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SUMMARY
Organic solar cells (OSCs) have developed rapidly in recent years. However, the energy loss (Eloss) remains a
major obstacle to further improving the photovoltaic performance. To address this issue, a ternary strategy
has been employed to precisely tune the Eloss and boost the efficiency of OSCs. The B‒N-based polymer
donor has been proved to process high E(T1) and small DEST characters, which can inhibition of CT state
recombination. Herin, B‒N-based polymer donor PBNT-BDD was incorporated into the state-of-the-art
PM6:L8-BO binary to construct ternary OSCs. Together with the optimal morphology, the ternary device af-
fords an impressive power conversion efficiency of 18.95% with an improved open-circuit voltage (Voc),
short-circuit density (Jsc), and reduced Eloss in comparison to the binary ones, which is the highest PCE
for B‒Nmaterials-based ternary device. This work broadens the selection of guest materials toward realizing
the high performance of OSCs.
INTRODUCTION

Solution-processed organic solar cells (OSCs) have attracted

considerable attention as a promising future photovoltaic technol-

ogy because of their many benefits, including being able to be

processed in solution, lightweight, and transparent.1–4 In recent

years, significant progress has been made in the development

of nonfullerene acceptors and polymer donors, along with a

more comprehensive understanding of device engineering. As a

result, single-junction organic solar cells (OSCs) have achieved

power conversion efficiencies (PCE) exceeding 19%.5–22 The

peak external quantum efficiencies (EQE) and fill factor (FF) for

organic solar cells have surpassed 80%. However, the open-cir-

cuit voltage (Voc) still falls significantly below the predictions of

the Shockley–Queisser theory.23 The low voltage or high voltage

loss imposes a limitation on the power conversion efficiency

(PCE) of organic solar cells. The Voc is mainly affected by the en-

ergy level and Eloss. Many studies have suggested that lowering

the HOMO level of donor materials and increasing the LUMO level

of acceptors can potentially enhance the Voc upper limit.24 To

further improve the Voc values of OSCs, it is essential to reduce
iScience 28, 111682, Janu
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the energy loss. The Eloss can be expressed a Eloss = Eg �
qVoc = ðqEg � qVSQ

oc Þ +qDVrad;below gap
oc Þ+qVnon� rad

oc = DE1+

DE2+DE3 (Equation 1).25,26 The DE1 is associated with radiative

recombination originating from absorption above the bandgap,

which represents an unavoidable loss for all types of solar cells

and typically falls within the range of 0.25–0.30 eV.19,20 The DE2

arises from additional radiative recombination resulting from ab-

sorption below the bandgap. The significant DE2 is attributed to

the presence of charge transfer (CT) states, which have lower en-

ergy levels than the bandgap, leading to a redshifted absorption.

DE2 is an intrinsic loss in solar cells and is closely linked to both the

local excited (LE) state and CT state inOSCs.27 The difference be-

tween LE and CT states is related to the driving force for exciton

dissociation. However, it has been demonstrated that donor/

non-fullerene acceptor pair-based OSCs can still achieve fast

and efficient charge dissociation even with low driving force, re-

sulting in superior PCEs with improved Voc. In a word, DE2 is not

the primary factor influencing energy loss and device Voc. Howev-

er, in comparison to silicon and perovskite solar cells, the larger

nonradiative recombination (DE3) poses a significant challenge

in limiting the further enhancement of OSC performance.28–31
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Figure 1. Chemical structure and basic characters of PM6, PBNT-BDD and L8-BO
(A) Chemical structure of the host donor PM6, the guest donor PBNT-BDD, and acceptor L8-BO.

(B) The UV-vis absorption spectra of blend films.

(C) The energy diagram of polymers and acceptor.
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Incorporating a third component to form a ternary blend has been

proven as a general strategy to explore more possibilities in ad-

dressing the a forementioned energy loss issues, thereby offering

a convenient approach to enhance the Voc of OPVs. Additionally,

introducing the third component can maintain the appropriate

morphology of an efficient binary system, leading to improved de-

vice performance.32–34 The guest component can gradient adjust

the energy level of the device and enhance the absorption of the

light-harvesting spectrum. Furthermore, it is important that the

introduced guest component is compatible with either the donor

or acceptor in the host binary system, in order to facilitate the for-

mation of a suitable BHJ microstructure for efficient photoelectric

conversion.

Here, we report an efficient ternary OSC by introducing a B‒N
based polymer PBNT-BDD into PM6:L8-BO.35 As ‘‘D-A’’ type

polymer donors, PBNT-BDD possess the same ‘‘A’’ unit of

PM6, in which ensures the good compatibility with the host

donor PM6. Impressively, PBNT-BDD exhibits a wider bandgap,

which can enhance the absorption of the device at high band

gap. Additionally, the PBNT-BDD possesses more deeper

HOMO energy level, which is beneficial to obtain higher Voc.

Importantly, B–N based polymer PBNT-BDD process high

E(T1) and small DEST characters due to the opposite resonance

effect of B and N atoms, which can inhibit CT state recombina-

tion. The CT state recombination is one of the main ways of

non-radiative recombination loss.36–38 As a result, the top-per-
2 iScience 28, 111682, January 17, 2025
forming ternary OSCs device demonstrates a high PCE of

18.95%, which is attributed to the simultaneous improvements

in Voc and Jsc. This study further broadens the potential applica-

tions of boron-nitrogen covalent bond materials in the field of

organic photovoltaics and offers insights for the continued

development and utilization of new materials.

RESULTS AND DISCUSSION

The chemical structure of donors PM6 and PBNT-BDD, and

acceptor L8-BO are shown in Figure 1A. The ultraviolet–

visible–near-IR (UV–vis–NIR) spectroscopy of pure films of

PM6, PBNT-BDD, and L8-BO is shown in Figure S1. Compared

to PM6, the PBNT-BDD film exhibits a blue-shift, with absorp-

tion peaks at 600 nm and 550 nm. As depicted in Figure 1B,

the incorporation of PBNT-BDD into the PM6:L8-BO binary

blend can significantly enhance the light-harvesting capability

of the active layer up to 620 nm. Additionally, cyclic voltamme-

try (CV) measurements were carried out to evaluate the energy

levels of relevant materials (Figure S2). The acceptor L8-BO ex-

hibited HOMO and LUMO energy levels of �3.66/–5.76 eV. In

comparison, the neat PBNT-BDD donor demonstrated a

deeper HOMO energy level of �5.52 eV, as opposed to the

�5.40 eV HOMO energy level for PM6 (Figure 1C). A deeper

HOMO energy level can contribute to achieving a higher Voc

for the device.39



Figure 2. Photovoltaic performance of OSCs devices

(A) The J‒V curves and (B) EQEs spectra of devices.

(C) The Voc values of efficient OSCs with PCEs.

(D) The dependence of the Jsc on the light intensity for the optimum devices.

(E) The plots of the photocurrent density versus effective voltage.

(F) Storage stability of unsealed OSCs under dark ambient conditions (dark, glovebox, 25�C).
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Considering that the PM6 and PBNT-BDD have the same ‘‘A’’

unit, it is possible that the two polymer donors have good

compatibility to form an alloy-like phase in ternary blend films.

To confirm the formation of alloy states between PM6 and

PBNT-BDD, contact angle measurements were carried out to

assess the compatibility between the two materials (Figure S3).

According to the Owens’s law,40 the surface tension (g) of

PM6, PBNT-BDD, and L8-BO is calculated to be 18.38, 19.04,

and 23.11 mN m�1, respectively. The Flory–Huggins interaction

parameter c can be evaluated the miscibility between two com-

ponents in a blend using the equation cAB = kð ffiffiffiffiffiffi

gA
p � ffiffiffiffiffiffi

gB
p Þ2.41

The calculated cPM6:PBNT-BDD is 0.00582k mN m�1, which is

significantly smaller than those of cPM6:L8-BO (0.271k) and

cPBNT-BDD:L8-BO (0.197k). This indicates that the two donors are

miscible into a donor alloy in ternary blend films. This property

can mainly maintain the morphology of the original PM6:L8-BO

and reduce the difficulty of morphology optimization.

Device performance
Devices were fabricated using a conventional architecture

of indium tin oxide (ITO)/poly(3,4-ethylenedioxythiophene):

poly(styrene sulfonate) (PEDOT:PSS)/active layer/PNDIT-F3N/

Ag with a fixed D/A weight ratio of 1:1.2 dissolved in chloroform

solution with 50% additive of 1, 4-diiodobenzene by weight.

Thermal annealing was conducted at 90�C for 5 min. The repre-

sentative current density–voltage (J–V) curves of the optimal bi-

nary and ternary devices under the AM 1.5G solar simulator are

exhibited in Figure 2A, and the corresponding photovoltaic pa-
rameters are summarized in Table 1. The PM6:L8-BO based

binary device demonstrates a PCE of 18.10%, with a Voc of

0.889 V, a Jsc of 25.59 mA cm�2, and an FF of 79.57%. The per-

formance of the PM6:L8-BO device is comparable to the re-

ported data in existing literature.42 For the PBNT-BDD:L8-BO

device, a high Voc of 0.930 V and a Jsc of 25.39 mA cm�2 was

obtained, but the low FF limits the PCE of device, which may

be due to the amorphous crystalline character of PBNT-BDD.

The J–V curves and device parameters of ternary devices

with different PBNT-BDD contents are summarized in

Table S2. By incorporating 5 wt % PBNT-BDD into PM6:L8-

BO blend, the best PCE of 18.95% was obtained with a Voc of

0.902 V and a Jsc of 26.54 mA cm�2. The corresponding

external quantum efficiency (EQE) curves are depicted in Fig-

ure 2B and the EQE curves are in good agreement with the re-

sults from J-V measurements. (Table 1). Notably, the EQE

values of the ternary devices demonstrate a heightened

response at 550 nm, which corresponds to the absorption

spectrum. The incorporation of PBNT-BDD not only elevates

the device Voc and expands the absorption range and EQE

response but also preserves the favorable morphology of

the original binary system with minimal additional content.

Consequently, there is an enhancement in device efficiency.

With an increasing adding ratio, Voc further improves, but FF

drops significantly. This phenomenon may be due to poor

morphology in the PBNT-BDD:L8-BO system. After investiga-

tion, the PCE of 18.95% is the reported highest PCE of bo-

ron-nitrogen containing material based ternary devices. We
iScience 28, 111682, January 17, 2025 3



Table 1. The photovoltaic parameters of OSCs based on binary and ternary devices

Devicea Voc (V) Jsc (mA cm�2)

Jsc (EQE)b

(mA cm�2) FF (%) PCE (%)

PM6:L8-BO 0.889 (0.882 ± 0.10) 25.59 (25.45 ± 0.15) 24.82 79.57 (79.40 ± 0.35) 18.10 (17.96 ± 0.14)

PM6:PBNT-BDD:L8-BO 0.902 (0.895 ± 0.010) 26.54 (26.30 ± 0.25) 25.61 79.18 (78.65 ± 0.60) 18.95 (18.75 ± 0.20)

PBNT-BDD:L8-BO 0.930 (0.925 ± 0.006) 25.39 (25.24 ± 0.15) 24.33 55.87 (55.75 ± 0.30) 13.20 (13.00 ± 0.20)
aThe Table contain the best photovoltaic parameters of OSCs and average values.
bThe data were calculated by integrating the EQE.
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also evaluated the storage stability of the devices. It was

observed that the inclusion of a small amount of PBNT-BDD

in the binary host blend can promote the storage stability of

the device. After 300 h, the ternary device retained 78% of

its original PCE, while the PCE of the PM6:L8-BO and PBNT-

TAZ:L8-BO devices decreased to 68% and 73%, respectively.

PBNT-BDD offered better device storage stability than PM6,

and the result is consistent with the literature report.35 We

further tested the unencapsulated devices in maximum

power point tracking (MPPT) mode under 1-sun illumination

in an N2 atmosphere to assess their long-term operating

stability (Figure S4). The PCE of PM6:L8-BO dropped to 67%

of its initial PCE after 250 h. In comparison, the ternary device

maintained 77% of the original PCE under the same condition.

For the thermal stability test, the ternary device also shows bet-

ter thermal stability than the PM6:L8-BO device. The enhanced

stability of ternary devices may stem from the optimized phase

separation and the detailed morphologies will be discussed

later.

Charge generation, transport, and recombination
To investigate the impact of PBNT-BDD on the process of

charge generation and dissociation, we conducted measure-

ments of the photocurrent density (Jph) as a function of effective

voltage (Veff), as shown in Figure 2D. The Jph reaches a

saturation value (Jsat) with saturation values of 23.46, 25.40,

and 22.53 mA cm�2 for PM6:L8-BO, PM6:PBNT-BDD:L8-BO,

and PBNT-BDD:L8-BO blends, respectively. Furthermore, we

used the exciton dissociation probability P(E,T) as an indicator

for exciton dissociation and charge collection efficiency, which

P(E,T) is determined as Jph/Jsat.
43 The ternary device exhibited

higher P(E,T) values, indicating that the introduction of PBNT-

BDD both contributed to efficient exciton dissociation and

charge extraction properties. Using the space-charge limited

current (SCLC) method, measurements of carrier mobilities

were conducted for three systems (Figure S7; Table S4). The

comparison of the more balanced hole and electron mobilities

in the ternary system (me/mh = 1.04) with those of the two binary

systems (1.07 for PM6:L8-BO and 1.10 for PBNT-BDD:L8-BO,

respectively) suggests that charge carriers can be transmitted

more efficiently in the ternary devices. This indicates a potential

advantage for utilizing ternary systems in electronic applica-

tions. The charge recombination kinetics of charge recombina-

tion in both binary and ternary devices were investigated. The

Jsc versus light intensity (Plight) is plotted in Figure 2C. The rela-

tionship between Jsc and Plight can be defined as JscfPlight
a,

where a represents the extent of bimolecular charge recombi-
4 iScience 28, 111682, January 17, 2025
nation. A higher a value generally indicates lower bimolecular

recombination losses.44 As illustrated in Figure 2C, the a value

increases from 0.94 (PM6:L8-BO) and 0.88 (PBNT-BDD:L8-BO)

to 0.98 (PM6:PBNT-BDD:L8-BO). Therefore, an appropriate

amount of PBNT-BDD leads to a reduction in recombination

losses.

Energy loss analysis
Further detailed analyses were conducted to examine the en-

ergy loss (Eloss) for the PM6:L8-BO, PM6:PBNT-BDD:L8-BO,

and PBNT-BDD:L8-BO devices (Figure 3). The purpose of the

analysis was to investigate the impact of PBNT-BDD incorpora-

tion on the three components of Eloss (DE1, DE2, DE3), with cor-

responding values summarized in Table 2. The Eg was calcu-

lated as half of EQEmax point,45 resulting in blend film values

of 1.456, 1.455, and 1.455 eV respectively. By combining this

data with Voc
cal data, the Eloss values were determined to be

0.571 eV for PM6:L8-BO, 0.557 eV for PM6:PBNT-BDD:L8-

BO, and 0.525 eV for PBNT-BDD:L8-BO. The presence of

DE1 was unavoidable in these systems, ranging from an

observed value of between 0.265 and 0.266 eV. The DE2 values

are calculated as 0.062 eV, 0.057 eV, and 0.058 eV for the

PM6:L8-BO, PM6:PBNT-BDD:L8-BO and PBNT-BDD:L8-BO

device, respectively, indicative of the slightly reduced reorgani-

zation energy or energetic disorder in the ternary device. DE3 is

commonly caused by bimolecular and trap-assisted recombi-

nation. It is calculated by the following equation: DE3 = �KT

ln(EQEEL), where EQEEL is electroluminescence external quan-

tum efficiency. The DE3 of PM6:L8-BO, PM6:PBNT-BDD:L8-

BO, and PBNT-BDD:L8-BO devices are 0.243, 0.235 and

0.216 eV, respectively (Table 2). Benefit from the high E(T1)

and small DEST characters of PBNT-BDD, the PBNT-BDD

based device has been proved process small DE3 by reducing

CT state recombination. Introducing the PBNT-BDD into

PM6:L8-BO system, the DE3 reduced from 0.243 eV of binary

device to 0.235 eV of ternary device. The lower DE3 contributes

a higher Voc in the PM6:PBNT-BDD:L8-BO device. Based on

the above analysis, the improved Voc of the ternary OSCs

compared PM6:L8-BO binary device can be attributed to the

reduced DE3.

Morphology analysis
In order to gain a deeper understanding of the modified

photovoltaic characteristics in the ternary devices, we utilized

atomic force microscopy (AFM) measurements to analyze the

surface morphology. As shown in Figure 4A, it is evident that

the images and root-mean-square (RMS) roughness of the



Figure 3. Eloss data analysis of OSCs devices

The measured EL spectrum and experimental EQE spectrum used to determine Voc,Rad for the devices.

(A) PM6:L8-BO, (B) PM6:PBNT-BDD:L8-BO, (C) PBNT-BDD:L8-BO, (D) detailed energy losses of devices.
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blends exhibit distinct differences. This can be attributed to

the strong crystallizable of PM6 and the amorphous character

of PBNT-BDD, leading to different morphologies in binary

blend films. Besides, the cPBNT-BDD:L8-BO (0.197k) is larger

than cPM6:L8-BO (0.271k), indicating that PBNT-BDD and L8-

BO have stronger miscibility, thus the PBNT-BDD:L8-BO

film shows smaller RMS. Moreover, in comparison to the

PM6:L8-BO binary blend, it is observed that the ternary blend

PM6:PBNT-BDD:L8-BO showed a lower RMS value of

1.27 nm. The results indicated that PBNT-BDD can fuse well

with the active layer, which is consistent with the contact

angle measurement results.
Table 2. Total and detailed energy losses of binary and ternary OSC

Active layer Eg (eV) Voc
cal (eV) Eloss (eV)

PM6:L8-BO 1.456 0.885 0.571

PM6:PBNT-BDD:L8-BO 1.455 0.898 0.557

PBNT-BDD:L8-BO 1.455 0.915 0.540
The molecular ordering and packing behavior of the pure films

and blend films were investigated by using GIWAXS measure-

ments.46 It was found that PM6 and L8-BO exhibit a strong

(010) diffraction peak in the out-of-plane (OOP) direction and

an (100) diffraction in the in-plane (IP) direction, indicating a ten-

dency toward a face-on orientation. On the other hand, PBNT-

BDD prefers an amorphous state. In terms of the blend films,

the 2D patterns of the PM6:L8-BO and PM6:PBNT-BDD:L8-

BO blends indicate similar face-on-oriented molecular packing,

which suggests that the addition of PBNT-BDD to the PM6:L8-

BO has little effect on the orientation of the blended film. The

crystal coherence lengths (CCLs) were calculated using the
s

DE1 (eV) DE2 (eV) EQEEL DE3 (eV)

0.266 0.062 7.79 3 10�5 0.243

0.265 0.057 1.06 3 10�4 0.235

0.266 0.058 2.22 3 10�4 0.216

iScience 28, 111682, January 17, 2025 5



Figure 4. Morphology characterizations of blends

(A) Tapping-mode AFM height images. The scan area and step size of Raman mapping are 5 mm 3 5 mm and 0.1 mm, respectively.

(B) 2D GIWAXS patterns and (C) 1D line-cut profiles in out-of-plane and in-plane directions of the blend films.
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formula CCL = 0.9 3(2p/FWHM) (Å),46 where FWHM is the full

width at half-maximum of the corresponding diffraction peak,

as summarized in Table S5 from fitting 1D line cuts with multiple

peaks fitting. In addition, the CCL value of the ternary blend was

20.67 Å, and the (010) peak is located at qz = 1.74 Å�1, corre-

sponding to a p–p stacking distance of 3.61 Å, which showed

improvement compared to the PM6:L8-BO ternary blend

(15.09 and 3.69 Å respectively). These results indicate that add-

ing low crystalline donor PBNT-BDD induces a higher degree of

molecular packing, resulting in enhanced charge transport and

suppressed carrier recombination.

In conclusion, high-performance ternary OSCs were prepared

using PM6:L8-BO as the host system and PBNT-BDD as the

guest donor. The inclusion of PBNT-BDD expanded the optical

absorption range and optimized molecular packing and phase

separation in the ternary films. Additionally, PBNT-BDD pro-

cesses high E(T1) and small DEST characters due to the opposite

resonance effect of B and N atoms, which can inhibit CT state

recombination and reduce energy loss. As a result, the ternary

OSCs achieved a higher PCE of 18.95%, with an increased Jsc
of 26.54 mA cm�2, Voc of 0.902 V, and FF of 79.18% compared

to that of the PM6-based binary OSCs. Furthermore, we

observed reduced Eloss and DE3 in the ternary device in the

PM6:PBNT-BDD:L8-BO device. This illustrates that strategically

introducing high E(T1) and small DEST B‒N based materials

through donor gust strategy is an effective approach for

achieving highly efficient OSCs.
Limitations of the study
For PL quenching measurements, the experiment of excitation

acceptor L8-BO to detect the quenching efficiency of the donor

has not been realized due to the limitation of the excitation wave-

length of the equipment.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals

PM6 Solarmer CAS:1802013-84-8

L8-BO eFlexPV Limited (China) CAS:2668341-40-8

PNDIT-F3N eFlexPV Limited (China) CAS:1800206-46-5

PEDOT:PSS (CLEVIOSTM P VP AI 4083) Heraeus CAS:155090-83-8

Chloroform Sigma Aldrich CAS:865-49-6

1, 4-diiodobenzene Sigma Aldrich CAS:624-38-4
METHOD DETAILS

Device fabrication
The substrates with indium tin oxide (ITO) were cleaned by detergent, sonicated in deionized water and isopropanol, subsequently.

After that, the clean substrates were dried in blast oven at 70�C. The ITO substrates were subjected to oxygen plasma for 5 min. An

aqueous solution of PEDOT:PSS (CLEVIOS P VP AI 4083) was spin-casted onto the ITO surface at 3000 rpm for 30 s, followed by

drying at 150�C for 15 min in air. The substrates were then transferred into a nitrogen-filled glove box. The donor and acceptor

were dissolved in CF with 50% additive of 1, 4-diiodobenzene[3,4] by weight at the donor concentration of 7 mg mL�1. The D/A ratio

is 1:1.2. The blend films were subjected to thermal annealing at 90�C for 5 min. The active layers were spin-coated on substrates

at 2500 rpm to give a thickness of 100 nm. Afterward, an electron transport layer of PNDIT-F3N was spin-coated from a solution

(0.5 mg ml�1) at a speed of 2000 rpm for 30 s. Finally, a 100 nm Ag was deposited by thermal evaporation in a vacuum chamber

at a pressure of 5 3 10�6 Torr with a shadow mask.

Device characterization
The photovoltaic performance of the solar cells were measured under AM1.5G irradiation (100 mW cm�2) derived from a class solar

simulator (Enlitech, Taiwan), which was calibrated by a China General Certification Center-certified reference single-crystal silicon

cell (Enlitech). The current density�voltage (J�V) curves were recorded with a Keithley 2400 source meter.

QUANTIFICATION AND STATISTICAL ANALYSIS

The data in this manuscript are shown as the means ± SD.
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