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Beijing Institute of Technology, Beijing 100081, China 

 

Abstract 

Efficient exciton diffusion and charge transport play a vital role in advancing power conversion 

efficiency (PCE) of organic solar cells (OSCs). Here, a facile strategy is presented to simultaneously 

enhance exciton/charge transport of the widely studied PM6:Y6-based OSCs by employing highly 

emissive trans-bis(dimesitylboron)stilbene (BBS) as a solid additive. BBS transforms the emissive 

sites from more H-type aggregate into more J-type aggregate, which benefits the resonance energy 

transfer for PM6 exciton diffusion and energy transfer from PM6 to Y6. Transient gated 

photoluminescence spectroscopy measurement indicates that addition of BBS improves exciton 

diffusion coefficient of PM6 and dissociation of PM6 excitons in PM6:Y6:BBS film. Transient 

absorption spectroscopy measurement confirms faster charge generation in PM6:Y6:BBS. Moreover, 

BBS helps improve Y6 crystallization, and current sensing atomic force microscopy characterization 

reveals improved charge carrier diffusion length in PM6:Y6:BBS. Owing to enhanced exciton 

diffusion, exciton dissociation, charge generation and charge transport, as well as reduced charge 

recombination and energy loss, a higher PCE of 17.6% with simultaneously improved open-circuit 

voltage, short-circuit current density and fill factor is achieved for the PM6:Y6:BBS devices 

compared to the devices without BBS (16.2%).  

Keywords  

organic solar cell, fused-ring electron acceptor, exciton diffusion, charge transport, 

organoboron   
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1. Introduction 

Organic solar cells (OSCs) are promising as environmentally friendly power generators and 

have some merits such as flexibility, light weight and semi-transparency
[1]

. In recent years, 

the invention of fused-ring electron acceptors (FREAs)
[2, 3]

, represented by ITIC
[4]

 and Y6
[5]

, 

promoted revolutionary development of the OSC field. Owing to the efforts on material 

design and device engineering, now power conversion efficiencies (PCEs) of the champion 

OSCs are in the range of 18-20%
[6-10]

. To achieve high efficiency in the OSCs, the 

photoactive layers should absorb sufficient photons to produce excitons and the 

photogenerated excitons must fast diffuse to the interface of donor and acceptor and 

efficiently dissociate into free charge carriers. The dynamic process of exciton diffusion is 

quite critical to the photoelectric conversion. Furthermore, charge transport ability of the 

photovoltaic materials is of great importance to ensure the free charge carriers are effectively 

collected by electrodes.  

Generally, excitons generated directly by harvesting photons are singlet, which is 

governed by the electronic dipole transition process. Short diffusion length of singlet 

excitons, related to the diffusion coefficient and photoluminescence (PL) lifetime, limits 

further improvement of device efficiency. According to previous studies, the diffusion length 

of singlet excitons can be improved by optimizing molecular structure
[11]

, controlling 

molecular crystallinity
[12]

 and regulating density of exciton traps
[13]

. Delayed fluorescence 

materials, which have small energy gap and strong spin-orbit coupling between singlet and 

triplet state, were used to improve exciton diffusion length as a third component in efficient 
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FREA-based OSCs
[14-16]

. Based on Förster energy transfer theory, exciton diffusion length 

and photoluminescence quantum yield (PLQY) have positive correlation
[17]

, accordingly 

exciton diffusion length can be increased through increasing PLQY
[18]

. For example, 

introduction of 9-fluorenone-1-carboxylic acid into the FREAs results in higher PLQY and 

longer lifetime of singlet excitons
[19]

. 

At present, most active layers of high-performance OSCs consist of polymer donors and 

FREA acceptors. FREAs have shown excellent exciton diffusion behavior
[20-22]

, and their 

exciton diffusion coefficients are two orders of magnitude higher than those of fullerene 

acceptors
[20]

. The exciton diffusion lengths of polymer donors are generally inferior to those 

of the FREAs
[17, 18, 23]

, due to their relatively larger Stokes shifts and higher energetic 

disorder
[20]

. Therefore, increasing exciton diffusion lengths of the polymer donors is essential 

to further improve the device efficiency.  

Here, we present a strategy of simultaneously enhancing exciton diffusion and charge 

transport in the OSCs by introducing a fluorescent organoboron derivative, trans-

bis(dimesitylboron)stilbene
[24]

 (BBS), into the representative PM6:Y6 system (Figure 1a). 

Triarylboranes are a class of widely used organic semiconductors with excellent emissive and 

electron-transport properties
[25, 26]

. The addition of BBS leads to increased diffusion length of 

excitons, higher exciton dissociation probability and faster charge generation. The charge 

carrier transport properties of the active layers are also enhanced. An impressive PCE of 

17.6% with a simultaneously improved VOC of 0.858 V, JSC of 27.1 mA cm
−2

 and FF of 

75.5% is achieved compared to the control device without BBS (PCE = 16.2%). Furthermore, 
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with the addition of BBS, the PCEs of the devices based on the ITIC series acceptors are also 

improved. 

 

2. Results and Discussion  

Optoelectronic properties. As shown in Figure S1 (Supporting Information), the 

absorption spectra of PM6 and Y6 films are complementary covering 300-900 nm, while 

BBS shows an absorption band at 372 nm with a shoulder at 390 nm. After addition of BBS 

into the PM6 film (the weight ratio of BBS relative to PM6 is 0.1, unless indicated 

otherwise), the absorption band located at wavelengths shorter than 400 nm is substantially 

enhanced due to absorption overlapping of BBS and PM6 in this region (Figure 1b). The two 

films of PM6 and PM6:BBS exhibit same absorbance at their 0–0 transition peaks at ≈620 

nm, and the 0–0 transition peak of the PM6:BBS film red shifts 5 nm relative to that of the 

neat PM6 film. The PM6:BBS film shows a lower 0–1/0–0 intensity ratio than the PM6 film. 

The red shift of 0–0 transition peak and lower 0–1/0–0 intensity ratio of the PM6:BBS film 

suggest increased J-type aggregation of PM6 after the introduction of BBS
[27, 28]

.  

Figure 1c and Figure S2a show the PL spectra and normalized PL spectra of the PM6 

films with and without BBS. The amount of PM6 keeps same in the two films, and the 

excitation wavelength is 600 nm. BBS would not be excited at 600 nm, and thus the emission 

in the PM6:BBS film is only from PM6. The PM6:BBS film shows a dominant PL peak at 

690 nm (0–0 transition), the PL intensity is around 5 times larger than that of the neat PM6 
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film. The PLQY of the PM6:BBS film is 2.17%, a 50% increase relative to that of PM6 

(1.42%). The more apparent 0–0 transition peak and higher PLQY of PM6:BBS further 

confirm increased J-type aggregation of PM6 with the addition of BBS
[29]

. Figures S2b-d 

show the absorption, PL and normalized PL spectra of the Y6 films with and without BBS. 

BBS has less influence on Y6 compared with PM6. 

The highest occupied molecular orbital (HOMO) energies of the materials are measured 

by ultraviolet photoemission spectroscopy (UPS, Figure S3). The lowest unoccupied 

molecular orbital (LUMO) energies are calculated from their HOMO and optical bandgap 

(Eg, Figure S4a). PM6 has a LUMO level of −3.56 eV and HOMO level of −5.37 eV, which 

match well with Y6 (−4.19 eV/−5.53 eV). The LUMO and HOMO levels of BBS are −2.75 

eV and −5.75 eV, respectively.  
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Figure 1. (a) Chemical structures of PM6, Y6 and BBS. (b) Absorption and (c) PL spectra of 

PM6 and PM6:BBS (10:1, w/w) films.  

 

Photovoltaic properties. To investigate the photovoltaic properties, we fabricate OSCs 

with an architecture of ITO/PEDOT:PSS/active layer/PNDIT-F3N/Ag. For the active layer 

composed of PM6:Y6, the best D:A ratio is 1:1.2, and chloroform with 0.5% (v/v) 1-

chloronaphthalene is used as the processing solvent. Different amount of BBS is added to 

PM6:Y6, and the optimized weight ratio of BBS:PM6 is 0.1. Table S1 (Supporting 

Information) summarizes the best and average device characteristics with different amount of 

BBS under the illumination of an AM 1.5G solar simulator, 100 mW cm
−2

. The champion 

device with BBS yields a higher PCE of 17.6% compared with the device without BBS 

(16.2%), with improvement of VOC from 0.845 to 0.858 V, JSC from 26.0 to 27.1 mA cm
−2

, 

and FF from 73.7% to 75.5%. Figure 2a shows the representative current density−voltage 

(J−V) characteristics. Two more different active layers based on the ITIC series acceptors 

(Figure S4b) are investigated to assess the effects of BBS (Table S2). With the addition of 

BBS, PTB7-Th:FOIC and PM6:IDIC based devices show higher PCEs of 12.3% and 11.1%, 

respectively, compared to those without BBS (11.7% and 10.6%, respectively). 

External quantum efficiency (EQE) spectra of devices with and without BBS are shown 

in Figure 2b. Photocurrent densities calculated by integrating the EQE curves are 26.9 and 

25.8 mA cm
−2

 for the devices processed with and without BBS, respectively, which agree 
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well with the JSC values obtained from the J−V curves (within 1% mismatch). The absorption 

spectra of the active layers with different thickness are measured to calculate the internal 

quantum efficiency (IQE). From the IQE curves displayed in Figure S5, we note very high 

IQEs approaching 100% at 560 and 670 nm. Such high IQEs imply that essentially every 

absorbed photon can produce a separated pair of charge carriers and almost all 

photogenerated carriers are collected at the ITO and silver electrodes. 

The photocurrent density (Jph) vs effective voltage (Veff) is measured to probe charge 

generation and extraction properties (Figure 2c). The saturated photocurrent density (Jsat) is 

obtained at high Veff  (> 2.5 V), and the ratio of JSC to Jsat represents the total efficiency of 

charge generation and extraction under short-circuit condition
[30]

. The Jsat of the devices with 

and without BBS are 27.9 and 27.7 mA cm
−2

, and corresponding JSC/Jsat values are 0.970 and 

0.938, respectively, suggesting that the addition of BBS facilitates charge generation and 

extraction. We further measure JSC as a function of light intensity (Plight), as shown in Figure 

2d. The relationship of JSC and Plight follows JSC∝Plight
α
, where α describes the degree of 

bimolecular recombination, and α = 1 suggests no bimolecular recombination
[31]

. The α 

values are calculated to be 0.999 and 0.982 for devices with and without BBS, respectively, 

indicating that the addition of BBS can reduce bimolecular recombination. 

Hole mobilities (μh) and electron mobilities (μe) of the blends are measured by space-

charge-limited current (SCLC) method (Figure S6 and Table S3). Electron-only device 

architecture is ITO/ZnO/active layer/Al, while hole-only devices use ITO/PEDOT:PSS/active 

layer/Au. The μh and μe of PM6:Y6 are 1.1 × 10
−3

 and 9.4 × 10
−4

 cm
2 

V
−1 

s
−1 

(μh/μe = 1.2), 
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respectively. With the addition of BBS, the μh and μe of the device simultaneously improve to 

1.3 × 10
−3

 and 1.2 × 10
-3

 cm
2 

V
−1 

s
−1 

(μh/μe = 1.1), respectively. Higher and more balanced 

charge mobilities are beneficial for higher JSC and FF in PM6:Y6:BBS-based devices
[32]

. 

 

Figure 2. Characterization of the photovoltaic performance of optimized devices with and 

without BBS. (a) J–V characteristics of solar cells measured under a simulated illumination of 

AM 1.5G (100 mW cm
−2

). (b) EQE curves. (c) Jph versus Veff. (d) JSC versus light intensity. 

 

Film morphology. Grazing incident wide-angle X-ray scattering (GIWAXS) 

measurement is adopted to understand molecular packing behaviors in the active layers
[33]

. 

The 2D GIWAXS patterns and corresponding 1D profiles along out-of-plane (OOP) and in-
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plane (IP) directions of PM6:Y6, PM6:Y6:BBS, PM6 and Y6 films can be found in Figure 

3a-e. The crystallization coherence length (CCL) is quantified using Scherrer equation. The 

calculated morphology parameters are summarized in Table S4. The neat Y6 film shows 

obvious (100) and (001) diffraction peaks in IP direction and strong (010) peak in OOP 

direction, indicating sufficient π–π stacking and a preferred face-on orientation, which is 

similar to the previous study.
[5]

 The (001) diffraction peak (q = 0.42 Å
-1

) is originated from 

the backbone ordering due to the end-group π–π stacking, which helps intermolecular 

electron transport. The blend PM6:Y6 and PM6:Y6:BBS films display a strong diffraction 

peak in the OOP direction at q = 1.75 Å
-1

, associated with the π–π stacking of Y6. It is worth 

noting that the CCL of Y6 increases from 2.24 nm to 2.38 nm with the addition of BBS, 

confirming the stronger crystallization propensity, leading to increased electron mobility. The 

GIWAXS patterns and profiles of PM6:BBS and Y6:BBS films are also provided to verify 

the impact of BBS on the morphology of PM6 and Y6 (Figure S7, Tables S5 and S6). The 

impact of BBS on morphology of PM6 and Y6 corresponds to that in blend films. 

Resonant soft X-ray scattering (R-SoXS) is used to acquire the phase separation 

information of the active layers (Figure 3f)
[34]

. The phase separation parameters are extracted 

and summarized in Table S7. The PM6:Y6 and PM6:Y6:BBS films show scattering peaks at 

q = 0.17 and 0.15 nm
-1

, respectively. The PM6:Y6:BBS film exhibits a larger domain size (21 

nm) than the PM6:Y6 film (18 nm). Meanwhile, the relative phase purity of PM6:Y6:BBS 

(1.0) is higher than that of PM6:Y6 (0.8), which facilitates charge transport and reduces 

charge recombination. 
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Figure 3. 2D GIWAXS patterns of PM6:Y6 (a), PM6:Y6:BBS (b), PM6 (c) and Y6 (d) films. 

(e) The corresponding GIWAXS profiles along the out-of-plane and in-plane directions of the 

corresponding films. (f) R-SoXS profiles in log scale of PM6:Y6 and PM6:Y6:BBS blend 

films. 

 

Energy loss. To figure out the origin for the difference of VOC in devices with and 

without BBS, voltage loss (Vloss) is studied. The total voltage loss is related to three factors 

according to Equation (1)
[35]

 

𝑞𝑉loss = 𝐸g − 𝑞𝑉OC 
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            = (𝐸g − 𝑞𝑉OC,sq) + (𝑞𝑉OC,sq − 𝑞𝑉OC,rad) + 𝑞Δ𝑉OC,nr 

            = 𝑞Δ𝑉1 + 𝑞Δ𝑉2 + 𝑞Δ𝑉3                                                               (1) 

where q is the elementary charge, Eg is the bandgap of the blend, VOC,sq is the maximum 

voltage derived from the Shockley-Queisser theory, the EQE is assumed to be a step function, 

VOC,rad is the open-circuit voltage obtained when there is only radiative recombination loss in 

the device, and ΔVOC,nr is the voltage loss due to non-radiative recombination, which can be 

determined by the measurement of electroluminescence external quantum efficiencies 

(EQEEL) of the devices, according to Equation (2)
[36]

. 

Δ𝑉OC,nr =
k𝑇

𝑞
ln(EQEEL

−1)                                                                         (2) 

where k is the Boltzmann constant, T is absolute temperature in Kelvin. 

First, to determine the ΔVOC,rad, electroluminescence (EL) spectra (Figure S8) were 

measured. Then, using the reciprocal relation, the EL spectra were converted into EQE 

spectra, which were attached to the sensitive EQE (sEQE) spectra (Figure 4b), measured by a 

sensitive EQE setup. This allowed us to determine the radiative saturation current density 

(J0,rad) using Equation (3). 

J0, rad = q ∫ sEQE(E)∅BB(E)d(E)
∞

-∞
                                                                (3) 

where ∅BB(E) denotes the blackbody spectrum at 300 K. Subsequently, VOC,rad can be 

calculated using Equation (4). 

VOC, rad = 
k𝑇

𝑞
ln (

JSC

J0, rad
)                                                                           (4) 

 15214095, 2022, 42, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202205926 by O
ffice O

f Scientific A
nd T

echnical Inform
ation, W

iley O
nline L

ibrary on [16/08/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



 

This article is protected by copyright. All rights reserved. 

14 

The detailed results are listed in Table S8. In this work, the Eg of the blend films is 

determined from the absorption edge of neat acceptor (Y6), which is smaller than those of 

donor (PM6) and BBS in OSCs. Therefore, the VOC,sq could be obtained according to the 

Shockley-Queisser limit
[37]

. The ΔV1 of two devices are both 0.262 V, while ΔV2 of the 

device with BBS is smaller (0.083 V) than that of the control device without BBS (0.088 V). 

Furthermore, as shown in Figure 4a, EQEEL of the device with BBS is higher (1.788 × 10
–4

) 

than that of the control device without BBS (1.344 × 10
–4

), giving rise to a smaller ΔVOC,nr for 

the device with BBS (0.216 V vs 0.223 V). Note that the values of ΔVOC,nr determined by the 

EQEEL measurements agree well with those of ΔV3, calculated using Equation (1). Thus, the 

Vloss of the device with BBS (0.549 V) is lower than that of the control device without BBS 

(0.562 V), which is the reason for the higher VOC of BBS-based devices. 

To assess the degree of energetic disorder, we calculate the Urbach energy (Eu) from the 

tail states of sEQE spectra, according to EQE(𝐸) ∝ 𝛼0𝑒
𝐸−𝐸0

𝐸𝑢  
[38]

, where α0 and E0 are 

constants, and E is the photon energy. Based on an exponential fit to the sub-bandgap sEQE, 

the blend with BBS exhibits a reduced energetic disorder with an Eu of 22.7 meV, while an 

Eu of 24.1 meV is observed in the PM6:Y6 blend (Figure 4b). The smaller energetic disorder, 

which is related to larger and purer domain in PM6:Y6:BBS film, can effectively reduce the 

ΔVOC,nr in BBS-based cells
[39]

.  
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15 

 

Figure 4. (a) EQEEL curves, (b) sEQE spectra and Eu of PM6:Y6 and PM6:Y6:BBS. 

 

Modulated transient photocurrent/photovoltage. Modulated transient 

photocurrent/photovoltage (TPC/TPV) methods are applied to further characterize the charge 

transport and recombination properties of these two cells
[40, 41]

. As shown in Figure 5a, 

photocurrent of both cells exhibits fast rise and decay process in the timescale of 100-200 ns, 

mainly arising from the drift mechanism. The TPC curves also show tails in a longer 

timescale. The decay dynamics of the TPC tails of the cell based on PM6:Y6 ranging from 

400 to 1000 ns is almost independent to the external bias voltage (i.e. internal electric field), 

while an obvious voltage-dependent behavior is observed for the cell based on PM6:Y6:BBS. 

These results mean that charge drift process is suppressed in the cell without BBS when the 

carrier density is reduced after charge extraction while charge transport in the cell with BBS 

is always dominated by the drift mechanism. This implies that the active layer in the cell 

without BBS has a more severe tail state distribution or molecular disordering, which is 
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consistent with larger Eu of PM6:Y6. The charge trapping and detrapping process related to 

these tail states or the disordered charge hopping within the active layer limits the carrier drift 

and thus results in a diffusion-like charge transport behavior. The slower charge transport and 

more severe charge trapping process will result in more charge loss during the charge 

extraction process.  

The influence of the charge trapping can also be reflected by the TPV results (Figure 

5b). Positive external bias voltage (i.e. weakened internal electric field) can obviously 

decrease the TPV decay lifetime of the PM6:Y6-based cell, while the TPV decay lifetime of 

the cell based on PM6:Y6:BBS under bias voltages (e.g. 200 to 500 mV) is much longer than 

that of the cell without BBS. This further confirms that more charge trapping and 

recombination pathways exist in the active layer of the cell without BBS.  

Another difference between these two cells lies in the voltage dependent TPC peak 

variation (Figure S9). When weakening the internal electric field, the TPC peak of both cells 

decreases quasi-linearly, due to reduction in the charge drift velocity
[42]

. Under the same Veff, 

the cell with BBS exhibits a much higher TPC peak than that without BBS, implying higher 

mobile charge concentration and higher exciton dissociation probability. Thus, the 

performance improvement of the PM6:Y6:BBS cell mainly arises from enhanced exciton 

dissociation and charge transport as well as reduced charge recombination in the charge 

generation and extraction process. The TPC/TPV results are in accord with the data of Jsc/Jsat 

and energy loss.  
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17 

 

Figure 5. (a) External bias voltage dependent transient photocurrent of the two cells in dark. 

(b) External bias voltage dependent transient photovoltage of the two cells in dark. The TPV 

decay lifetime is extracted using an exponential fitting. 

 

Photophysics. To investigate the photo-excitation dynamics, we apply the ultrafast 

techniques of transient gated photoluminescence (TGPL) spectroscopy and transient 

absorption (TA) spectroscopy. An excitation wavelength of 515 nm is used for all the 

ultrafast PL experiments. We first use TGPL to selectively probe the PM6 singlet exciton 

behavior of the PM6 and PM6:BBS thin films in the sub-picosecond to tens of picosecond 

(ps), the crucial time scale for the dissociation of PM6 exciton in the PM6:Y6 blend
[43]

. At a 

low excitation density of 2.5 × 10
17 

cm
-3

, both PM6 and PM6:BBS thin films show similar 

emission dynamics with hundreds femtosecond (fs) decay (Figure S10). These decay 

lifetimes are in line with previously reported ultrafast fluorescence upconversion 
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measurements of PM6 in solution of ~ 680 fs, with the faster decay being expected for the 

solid state material when comparing with the solution
[44]

. No observation of additional fast 

decay of the PM6:BBS sample suggests BBS doesn’t introduce traps of singlet excitons.  

Next, we compare fluence-dependent photo-emission kinetics for the thin films of PM6 

and PM6:BBS. From the experimental data, we can determine the bimolecular recombination 

rate of singlet excitons by exciton-exciton annihilation and thus obtain the exciton diffusion 

coefficient
[45, 46]

. Global fitting is performed to fit the experimental data by Equation (5).  

𝑛(𝑡) =  
𝑛(0)e−𝑘𝑡

1+ 𝛿 2𝑘 ⁄  𝑛(0)[1−e−𝑘𝑡]
                                                            (5) 

where n(t), n(0), k and δ are the excitation density as a function of time (cm
-3

), initial 

excitation density at t = 0, monomolecular decay constant (s
-1

)
 
and bimolecular recombination 

rate (cm
3 

s
-1

), respectively. Fitting parameters are listed in Tables S9 and S10. 

Figure 6 shows the fluence dependant decays for PM6 and PM6:BBS thin films. We 

observe that the PM6 donor has no clear fluence dependence within the range of excitation 

densities under our experimental conditions. Our observation agrees with the same trend for 

the TA data within similar excitation density region in PM6 thin films
[18]

. Due to limitation of 

the ultrafast PL sensitivity, we cannot clearly resolve the fluence dependent kinetics to obtain 

exact δ value by global fitting. However, we can fit the data in Figure 6a with Equation (5) to 

get a range of δ from 4.5 × 10
-7

 to 6.4 × 10
-7 

cm
3 
s

-1
. In addition, the key message is lack of 

fluence dependence in PM6, which qualitatively suggests that the excitons are less mobile. 

Meanwhile, the fluence dependence in PM6:BBS shows a faster decay under higher 
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excitation density, implying increase in exciton diffusion (Figure 6b). Comparing to neat 

PM6, we can determine a notably faster rate of δ = 2.4 × 10
-6

 cm
3 

s
-1 

for PM6:BBS. We 

calculate an exciton diffusion coefficient of D = 0.18 to 0.25 cm
2 

s
-1

 for PM6 and D = 0.96 

cm
2 

s
-1

 for PM6:BBS, where D = δ/(8πr), and r is the annihilation radius approximated as 1 

nm. The exciton diffusion coefficients here are higher than the values from previous TA 

measurement
[18]

, due to that PL selectively probes the highly mobile singlet excitons. We 

conclude that the addition of BBS significantly increases PM6 exciton diffusion and hence 

potentially improves the exciton dissociation in device. 
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Figure 6. Fluence dependent PL decays and the fitting kinetics with Equation 5 for (a) PM6 

and (b) PM6:BBS thin films. 

 

To verify this point, we compare the PL emission of PM6 donor with PM6:Y6 and 

PM6:Y6:BBS blends (Figure 7a). We note first that the PM6:Y6 blend has a shorter lifetime 

(~400 fs amplitude weighted half-life) than the neat PM6 (~550 fs), while the PM6:Y6:BBS 

system has an even shorter lifetime (~300 fs). The faster decay of the PM6 excitons in the 

PM6:Y6:BBS thin films indicates more efficient exciton dissociation via exciton diffusion 

and the energy transfer from PM6 to Y6
[18, 47]

, which corresponds to the analysis of TPC peak 

variation. The enhancement of energy transfer is considered as the mechanism for boosting 

the efficiency of exciton diffusion and dissociation of PM6 exciton in the PM6:Y6:BBS thin 

films.  
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Figure 7. (a) Kinetics of the integrated photo-emission of PM6 donor (blue circles), PM6:Y6 

blend (black circles), and PM6:Y6:BBS blend (red diamonds) at pump fluence of 7 µJ cm
-2

. 

(b) Kinetics of the spectral components of the PM6 exciton (black) and charge carrier (red) 

for PM6:Y6 (solid line) and PM6:Y6:BBS (dash line) thin films, respectively. 

 

While the PL data shows the kinetics of singlet excitons in PM6, the TA data can probe 

the kinetics of free charge carriers. The TA spectral data can be analyzed using a Genetic 

Algorithm (GA) toolbox
[48]

, which extracts individual spectral component of excited species 

and their kinetics. In these experiments, an excitation pump wavelength of 620 nm is used so 

that we can perform and compare three TA experiments where Y6, PM6:Y6 and 
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PM6:Y6:BBS all absorb the same wavelength. Figure S11 shows the time-dependent TA 

spectra. We use a PM6 spectral time slice taken at early times (<1 ps) as the spectral feature 

of PM6 exciton, and a PM6:Y6 spectral time slice at late times (3.5 ns) as the spectral feature 

of free charge (Figure S12). Applying these spectra to the PM6:Y6 and PM6:Y6:BBS blend 

spectra in the GA analysis reveals a third free component which is the Y6 exciton – this is 

confirmed in the spectral match with the neat Y6 TA experimental data
[49]

. Therefore, our 

spectral assignments are valid, and we can extract the kinetics of each excitation species. The 

analysis of such data is non-trivial as both PM6 and Y6 are excited at 620 nm making it 

difficult to strictly assign the spectral and kinetic signatures to either. Taking this into 

consideration, we can observe a faster charge generation in PM6:Y6:BBS (dashed red line in 

Figure 7b) compared to PM6:Y6 (solid red line). It is worth noting that the complicated 

spectral dynamics of the blend films may cause issue for applying multivariate curve 

resolution analysis in the sub-ps time scales. However, from the charge carrier dynamic 

trends, the data still show more prompt charge generation in the PM6:Y6:BBS sample. 

To investigate whether the addition of BBS influences hole-transfer dynamics at the 

interface, we perform TA under excitation at 850 nm. As shown in Figure S13, we find that 

the time constants for hole transfer are 15 ps and 18 ps in the PM6:Y6 blend and the 

PM6:Y6:BBS blend, respectively, which are consistent with previous study
[43]

. The minor 

change in the hole-transfer dynamics in the two blends suggests that our strategy to improve 

the exciton diffusion and charge transport does not accompany with the cost of the charge-

generation efficiency via the hole-transfer pathway. 
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From the TGPL and TA experimental data and the analysis presented above, we can 

conclude that the addition of BBS to both the PM6 donor and the PM6:Y6 blend aids the 

transport properties of PM6 excitons. This enhancement can be linked to the induced change 

of morphology. The morphology of conjugated polymers strongly affects their optical and 

electrical properties. Although the polymer thin films show complex morphology and 

microstructures, we can qualitatively use the simplified J- and H-aggregation model
[27]

 to 

describe the effects of BBS. Compared with the neat PM6 thin films, the PM6:BBS shows 

more apparent 0-0 transition in the PL spectrum and higher PLQY, suggesting that BBS 

transforms the emissive sites from more H-aggregate into more J-aggregate. Therefore, the 

high fluorescence rate character of the modified J-aggregate like molecular packing can 

benefit the resonance energy transfer for PM6 exciton diffusion and energy transfer from 

PM6 to Y6. Interestingly, the macroscopic morphology of PM6 in PM6:Y6 and 

PM6:Y6:BBS films, showing π–π stacking features, appears to remain unchanged in 

GIWAXS characterization, while their photoluminescence originated from emissive 

microdomains differs significantly. Our observation suggests the formation of more emissive 

microdomains with the addition of BBS, where energy is funneled quickly to localized 

emissive states. This work provides a new means of morphology optimization, enhancing 

exciton diffusion by introducing local high emissive sites while maintaining the macroscopic 

π–π stacking to facilitate charge transport
[27, 50]

. 
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Current sensing atomic force microscopy (C-AFM). C-AFM can be used to probe 

local charge carrier dynamics in photoactive layers with improved spatial resolution, and also 

overcome the obstacles of normal atomic force microscopy (AFM) circuit bandwidth to 

detect the local characteristics with improved temporal resolution. Figures S14a, b show 1 

µm × 1 µm contact mode AFM topography of PM6:Y6 and PM6:Y6:BBS films, and Figures 

S14c, d show their current sensing AFM (C-AFM) images. The average currents for PM6:Y6 

and PM6:Y6:BBS samples are 61 pA and 112 pA, respectively. As the C-AFM setup is made 

to selectively detect the electron current by using the inverted device architecture of the 

samples, and incorporating an electron transport layer (ZnO) between the active layer and 

bottom ITO electrode, the more conductive region can be assigned as the acceptor-rich 

region, whereas the less conductive region can be assigned as the donor-rich region
[51, 52]

. A 

100 nm × 100 nm area shown by the red square includes both donor-rich and acceptor-rich 

regions on the topography image (Figure S14). These 100 nm × 100 nm areas are used for 

mapping nanoscale charge dynamics. 

Figures 8a,b present the nanoscale charge carrier recombination lifetime (τr) mapping of 

both PM6:Y6 and PM6:Y6:BBS samples indicated by red square. To compare charge carrier 

dynamics between the samples, both donor-rich and acceptor-rich regions are shown by white 

dashed lines. A longer τr indicates improved charge carrier lifetime. The mean charge carrier 

lifetime (τr) is longer in BBS-based sample (τr = 4.94±0.39 µs) than that of PM6:Y6 (τr = 

4.70±0.31 µs). Further examination of histograms (Figure S15a, b) derived from mapping 

images reveals that the sample without BBS exhibits 86.6% of τr < 4.80 µs, while the BBS-
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based sample has only 19.9% of τr < 4.80 µs. The τr mapping and histogram indicate that the 

PM6:Y6:BBS sample has a longer recombination lifetime compared to the PM6:Y6 sample. 

Figures 8c,d present the nanoscale charge carrier transport time (τt) mapping of both 

PM6:Y6 and PM6:Y6:BBS samples indicated by red square. A shorter τt indicates improved 

charge carrier transport rate. The mean charge carrier transport time is shorter in BBS-based 

sample (τt = 4.52±0.28 µs) than that of PM6:Y6 (τt = 4.67±0.38 µs). Further the examination 

of histograms (Figure S15c, d) derived from mapping reveals that the sample without BBS 

has 11.8% of τt value >4.90 µs, while only 2.66% of τt >4.90 µs in BBS-based sample. The τt 

mapping and histogram indicate that the PM6:Y6:BBS sample has a shorter charge carrier 

transport time (τt) compared to the PM6:Y6 sample. 

Finally, Figures 8e,f represent the nanoscale charge carrier diffusion length (LD) 

mapping of both PM6:Y6 and PM6:Y6:BBS samples indicated by red square. LD is obtained 

by Equation (6)
[53]  

𝐿D = 𝐿 × √𝜏r/(2.35 × 𝜏t)                                                                                  (6) 

where L represents the active layer thickness. The mean charge carrier diffusion length for 

the PM6:Y6:BBS sample is 68.2±3.9 nm, which is longer than that of the PM6:Y6 sample 

(65.4±3.1 nm). Further examination of histograms (Figure S15e, f) derived from mapping 

reveals that the sample without BBS has only 15.9% of LD value >67.5 nm, while 36.3% of 

LD >67.5 nm in BBS-based samples. The LD mapping and histogram indicate that the addition 

of BBS can effectively increase the charge carrier diffusion length of the active layer. This 
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observation of enhanced local carrier transport properties due to the decrease of trap assisted 

recombination
[54-56]

 well agrees with enhanced bulk charge mobilities and the conclusion of 

TPC and TPV, resulting in overall improved photovoltaic performance. 
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Figure 8. Nanoscale mapping of 100 nm × 100 nm red square regions (Figure S14) of τr for 

(a) PM6:Y6 and (b) PM6:Y6:BBS, τt for (c) PM6:Y6 and (d) PM6:Y6:BBS, and LD for (e) 

PM6:Y6 and (f) PM6:Y6:BBS. 
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3. Conclusion  

The PL intensity and quantum yield of PM6 significantly increase in the PM6:BBS 

(1:0.1) blend film, suggesting that BBS transforms the emissive sites from more H-type 

aggregate into more J-type aggregate. TGPL reveals a faster exciton diffusion rate for 

PM6:BBS than PM6. The faster decay of the PM6 excitons in the PM6:Y6:BBS films 

indicates more efficient exciton dissociation via exciton diffusion and energy transfer from 

PM6 to Y6. A faster charge generation in PM6:Y6:BBS compared to PM6:Y6 can also be 

observed from TA. BBS helps improve the π–π stacking of Y6 to show stronger 

crystallization propensity, accounting for the higher electron mobility. C-AFM demonstrates 

longer charge carrier recombination lifetime, shorter charge carrier transport time and thus 

improved charge carrier diffusion length in PM6:Y6:BBS. The results of TPC and TPV 

manifest the performance improvement of the PM6:Y6:BBS device mainly arises from 

enhanced exciton dissociation and charge transport ability, which agrees well with the 

conclusions of TGPL, TA and C-AFM. Moreover, the nonradiative recombination is 

suppressed in devices by the addition of BBS due to the smaller energetic disorder, 

corresponding to the higher phase purity in PM6:Y6:BBS blend. With enhanced exciton 

diffusion, exciton dissociation, charge generation and charge transport, as well as reduced 

charge recombination and energy loss, PM6:Y6:BBS based OSCs exhibit a higher PCE of 

17.6% compared with that without BBS (16.2%), with simultaneous improvement of VOC, JSC 

and FF. For OSCs based on other photoactive layers, including PTB7-Th:FOIC and 
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PM6:IDIC, BBS is also able to enhance the device performance. This study provides a facile 

strategy of morphology optimization, increasing exciton diffusion by introducing local high 

emissive sites while maintaining the macroscopic π–π stacking to facilitate charge transport, 

and finally improving the performance of OSCs. 
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