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ABSTRACT 

Understanding the excited-state dynamics of nonfullerene electron acceptors is essential for further 

improvement of organic solar cells. Herein, we investigated the singlet and triplet excited-state 

dynamics in Y6, a novel nonfullerene acceptor, using transient absorption spectroscopy. We found 

that pristine Y6 films show biphasic singlet exciton decay kinetics with decay constants of ~220 

ps and ~1200 ps, which is the origin of the large discrepancies in the previously reported exciton 

lifetimes in the solid state. The majority of the Y6 singlet excitons decayed with the faster (~220 

ps) component, whereas a clear photoluminescence with the slower (~1200 ps) component was 

observed. Y6 singlet excitons undergo fast diffusion in the crystalline domains, resulting in fast 

singlet–singlet exciton annihilation, after which ultrafast triplet formation, assigned to singlet 

fission from higher excited singlet states, is observed. 
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The power conversion efficiencies (PCEs) of organic solar cells (OSCs) now exceed 18%,1-3 

largely owing to the development of novel nonfullerene acceptors (NFAs).4-12 OSCs consisting of 

a low-bandgap NFA and a wide-bandgap donor polymer exhibit strong and complementary 

absorption in the visible to near-IR region, resulting in efficient photocurrent generation 

comparable to their inorganic counterparts. Acceptor singlet excitons are photogenerated in these 

OSCs after exposure to near-IR light, which is in sharp contrast to fullerene-based OSCs, wherein 

singlet excitons are predominantly generated in the donor polymers. Hence, understanding the 

excited-state dynamics of NFAs is of critical importance for NFA-based OSCs. 

State-of-the-art OSCs often use Y6 (the chemical structure, steady-state absorption, and 

photoluminescence (PL) spectra of Y6 are found in the Supporting Information) and its derivatives 

as NFAs. These NFAs are strongly crystalline and exhibit deep highest occupied molecular orbital 

(HOMO) energy levels, large absorption cross-sections in the near-IR region, and optical bandgaps 

suitable for solar cell applications. Therefore, a lot of studies on Y6-based OSCs have been 

conducted.13-19 In contrast, the excited-state properties of Y6 are still not fully understood. For 

example, the singlet exciton diffusion length LD, which is defined as LD = (Dt)0.5, where D is the 

exciton diffusion constant and t is the exciton lifetime, is an important parameter that affects the 

PCE. Nevertheless, the reported t values for Y6 thin films cover a significant range, from ~50 ps 

to ~1.8 ns.20-25 Therefore, further research is necessary to understand the origins of such large 

discrepancies as well as reliable excited-state properties. Alongside singlet excited-state properties, 

those of triplet excited states are also important because they affect the charge recombination 

dynamics in OSCs.26,27 
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Herein, we study the singlet and triplet excited-state dynamics of Y6 in solution and solid states 

using transient absorption (TA) spectroscopy. We found that pristine Y6 films show biphasic 

singlet exciton decay kinetics with decay constants of ~220 ps and ~1200 ps, which is the origin 

of the large discrepancies in the previously reported exciton lifetimes in the solid state. Y6 shows 

a relatively fast exciton diffusion constant and a small energy difference between the lowest 

excited singlet and triplet states (S1 and T1 states). Ultrafast triplet exciton formation was observed 

at a high excitation fluence, which is attributable to singlet fission from higher excited singlet 

states (Sn states) following singlet–singlet exciton annihilation (SSA). 

Singlet excited states of Y6 in the solid state. Figure 1a shows the TA spectra of a pristine Y6 film 

(70 nm thick). A photoinduced absorption (PIA) band at ~930 nm and a broad tail above 1100 nm 

appeared immediately after photoexcitation at 800 nm, as in the case of Y6 in a chloroform (CF) 

solution (Figure S3). These bands are assigned to Y6 singlet excitons in the solid state.28 In addition, 

a sharp negative signal was observed at ~850 nm, which is attributable to the ground-state 

bleaching (GSB) of Y6. In TA measurements, the bimolecular exciton deactivation process due to 

SSA generates an additional decay channel that leads to faster exciton decay.29,30 Hence, SSA must 

be avoided when the intrinsic singlet exciton decay kinetics is observed. Because it is difficult to 

avoid SSA in the thin Y6 film, which, as discussed later, is a sign of fast exciton diffusion, we 

performed TA measurements for a 240-nm-thick film (the TA spectra of the thick Y6 film are 

presented in Figure S6) with weak excitation fluences. The excitation wavelength was set to 400 

nm, where the absorption cross-section of Y6 is approximately six times smaller than that at the 

peak wavelength, to keep the exciton density low. Figure 1b shows the excitation-fluence 

dependence of the exciton decay kinetics monitored at 930 nm. The decay kinetics are independent 

of the excitation fluence, at least below 3.0 μJ cm−2; however, decay was slightly faster at 6.4 μJ 
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cm−2 owing to SSA. We simultaneously fitted the two fluences (3.0 μJ cm−2 and 2.2 μJ cm−2) with 

a shared time constant. The exciton decay was well fitted by an exponential function with a lifetime 

of ~220 ps. Note that the decay kinetics of the broad PIA tail above 1100 nm on early times were 

also well reproduced by the same exponential function.  

 

Figure 1. (a) TA spectra of a pristine Y6 film (70 nm thick). The excitation wavelength was 

set to 800 nm with a fluence of 3.8 μJ cm−2. (b) Time evolution of TA signals monitored at 930 

nm at various excitation fluences (colored lines). The excitation wavelength was 400 nm. A 

240-nm-thick pristine Y6 film was used to avoid SSA. The black line represents the decay 

kinetics of the TA signals averaged over the 1200–1400 nm region. The red lines represent the 

best fitted exponential curves. 
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Interestingly, the singlet exciton lifetime measured by TA spectroscopy is significantly shorter 

than the PL decay lifetime obtained by the time-correlated single-photon-counting (TCSPC) 

method (~1.2 ns, Figure S2b). As mentioned above, this large discrepancy has also been reported 

previously: exciton lifetimes of a few hundreds of picoseconds were obtained by TA measurements, 

whereas lifetimes of >1 ns were obtained by time-resolved PL (TRPL) measurements.21-25 Close 

inspection of the TA spectra (Figures 1a and S6a) reveals that the TA signal in the 900–950 nm 

region turned into negative at later times, which is attributable to the stimulated emission (SE) of 

Y6 because its spectral position coincides with the PL spectrum (Figure S1b). This indicates that 

SE with a longer time constant can also be observed in the TA spectra, even though the singlet 

exciton absorption had already disappeared. Interestingly, a certain portion of the GSB signal was 

still observed on the nanosecond time scale, indicating that long-lived transient species were 

generated, which we attribute to triplet excitons, as described later (Figure 3). Therefore, we 

speculate that the PL on the nanosecond time scale may be induced by the S1 state repopulated 

through triplet–triplet exciton annihilation (TTA). As shown in Figure S6, Y6 triplet excitons were 

generated in the pristine Y6 films, which, then, decayed on the nanosecond time scale, suggesting 

the presence of TTA because decay on nanosecond time scale is too fast to be assigned to intrinsic 

deactivation of triplet excitons generated in organic molecules without heavy metals. Another 

possible explanation for the slow PL may be the presence of highly ordered regions with a 

suppressed nonradiative decay rate in Y6 films. This is because (TR)PL measurements are 

dominated by emissive states, whereas TA measurements can directly probe the exciton density. 

This speculation originates from the fact that the peak positions of the GSB red-shift with time, 

suggesting the presence of Y6 excitons in highly ordered regions, where they are expected to decay 

more slowly with higher PL quantum yields. Further studies are required to reveal the origin of 
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the slow PL. Nevertheless, what is important here is that the majority of the singlet excitons decay 

with a time constant of 220 ps. Therefore, we chose 220 ps as the exciton lifetime of Y6 in the 

solid state for later discussion. Triplet excitons generation in pristine Y6 films will be further 

discussed in the later section. 

Singlet exciton diffusion. The diffusion properties of Y6 singlet excitons can be determined by 

analyzing the excitation-fluence-dependent kinetics of exciton decay.29-31 The rate equation for 

singlet excitons, including SSA, is given by 

d𝑛!(𝑡)
d𝑡

= −𝑘𝑛!(𝑡) −
1
2
𝛾(𝑡)𝑛!(𝑡)" (1) 

where ns(t), k, and γ(t) are the exciton density at time t after photoexcitation, the rate constant for 

monomolecular deactivation given by the inverse of the exciton lifetime (~220 ps for Y6 in the 

solid state), and the SSA rate coefficient, respectively (details are found in the Supporting 

Information). Equation 1 can be analytically solved as 

𝑛!(𝑡) =
𝑛#exp(−𝑘𝑡)

1 + 𝑛#2 𝐺(𝑡)
(2) 

𝐺(𝑡) = 8𝜋𝐷𝑅 5
1
𝑘
(1 − 𝑒$%&) +

𝑅
√2𝐷𝑘

erf:√𝑘𝑡;< (3) 

where n0 is the initial exciton density, and “erf” denotes the error function. Herein, we used a three-

dimensionally (3D) isotropic diffusion model,29-31 and the effective reaction radius R is assumed 

to be 1 nm as a typical value for small molecules to provide a straightforward comparison with 

previous studies.  
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Singlet excitons decay faster with increasing excitation fluence in the 70-nm-thick Y6 film due to 

SSA. The red and blue lines in Figure 2 are best fits obtained using Equations 2 and 3 with and 

without the second term (the error function term) in Equation 3, respectively. Both fitting curves 

reproduce the experimentally observed exciton decay kinetics well, which is a sign of a relatively 

fast diffusion because the error function term is negligible when t >> R2/(2πD). From the fitting 

with the error function term (red line), D is evaluated to be 2.1×10−2 cm2 s−1. This value is 

approximately one order of magnitude larger than those of typical conjugated polymers31 but 

similar to those of recent novel NFAs.21, 32 LD was calculated to be ~21 nm; this relatively long 

diffusion length is a key factor that determines efficient charge generation in Y6-based OSCs. 

Triplet excited states of Y6 in the solid state. PIA attributed to triplet excitons generated through 

intersystem crossing (ISC) was clearly observed for Y6 in a CF solution (Figures S3 and S4). In 

contrast, as shown in Figures 1 and S6, long-lived PIA was not clearly observed for the pristine 

 

Figure 2. Singlet exciton decay kinetics for the 70-nm-thick Y6 film monitored at 970 nm. The 

excitation wavelength was 800 nm with a fluence of 1.4 μJ cm−2. The red and blue lines 

represent the best fits obtained using the 3D diffusion model with and without the error function 

term, respectively. 
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Y6 film, most likely due to the lower signal-to-noise ratio achieved by keeping the excitation 

fluence as low as possible to reduce the contribution of SSA. Therefore, we sensitized the system 

using Pt(II)octaethylporphyrin (PtOEP), a well-known triplet sensitizer.33 Figure 3a shows the TA 

spectrum of a Y6/PtOEP blend film (7:1 w/w) monitored at 1 ns after photoexcitation at 530 nm, 

which reveals a large PIA band at ~1400 nm similar to that of the Y6 triplet excitons observed in 

the CF solution. Thus, this band is assigned to the T1–Tn absorption of Y6 in the solid state 

generated through triplet energy transfer from PtOEP. In the solid state, triplet excitons decayed 

considerably faster than that in the CF solution on the microsecond time scale (Figure S5); instead, 

a large negative signal was observed in the <1200 nm region. This negative signal is attributable 

to the delayed fluorescence from Y6 following TTA, which is suggestive of fast diffusion of Y6 

triplet excitons in the solid state. The fast triplet as well as singlet excitons diffusion are supposed 

to be related to the low level of energetic disorder in the Y6 crystalline domains. 

To determine the energy level of the T1 state ET1, we acquired the PL spectra of a mixed solution 

of Y6 and rubrene after selectively excitating the lower-bandgap Y6. Figure 3b shows the PL 

spectra of a mixed solution of Y6 (1.5 μM) and rubrene (300 μM). We observed an emission at 

~560 nm, which is shorter than the excitation wavelength. As this emission band coincides with 

rubrene fluorescence,34 we attribute it to the upconversion (UC) emission from rubrene. Upon 

photoexcitation of Y6, triplet excitons are generated through ISC. Then, triplet energy transfer 

from Y6 to rubrene occurs to form rubrene triplet excitons that diffuse randomly and undergo TTA 

when they encounter one another, resulting in the generation of rubrene singlet excitons with 

energy higher than the excitation source. The rubrene singlet excitons decay rapidly to the ground 

state by emitting upconverted photons; i.e., UC emission. ET1 of rubrene is 1.14 eV;34 thus, ET1 of 

Y6 is higher than 1.14 eV. To confirm that this estimation is reliable, we carried out density 
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functional theory (DFT) calculations for an isolated Y6 molecule, in which the alkyl side chains 

were shortened to reduce the computational effort (see the Supporting Information for details). 

Figure 3c shows the natural transition orbital (NTO)35 pairs of Y6 in the optimized T1 geometry 

obtained by time-dependent (TD)-DFT calculations. ET1 was calculated to be 1.26 eV from the 

 

Figure 3. (a) TA spectra of a Y6/PtOEP blend (7:1 w/w) film and a pristine Y6 film as a 

reference monitored at 1000 ps after photoexcitation. The excitation wavelength was 530 nm 

with a fluence of 5.0 μJ cm−2. (b) UC emission spectra of a Y6/rubrene mixture in a CF solution 

(1.5 μM/300 μM) excited at 635 nm. (c) NTO pairs for Y6 in the optimized T1 geometry 

obtained through TD-DFT calculations with B3LYP/6-31+G(d) within the Tamm–Dancoff 

approximation. (d) Schematic defining ET1. 
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average of two vertical excitation energies at the optimized T1 and ground state (GS) geometries 

(Figure 3d). Note that, in a previous study, UC emission from rubrene was also observed in a 

bilayer film consisting of rubrene and Y6,36 which indicates that ET1 of Y6 in the solid state is also 

higher than that of rubrene and that the energy difference between the S1 and T1 states of Y6 in the 

solid state is less than 0.3 eV, which is considerably smaller than those of donor conjugated 

polymers (typically 0.5–0.7 eV). This small energy difference is probably due to the A-D-A¢-D-A 

molecular architecture of Y6, which reduces the overlap between HOMO and the lowest 

unoccupied molecular orbital (LUMO), thereby lowering the exchange integral. 

Ultrafast triplet generation through singlet fission following SSA. Triplet PIA is pronounced in the 

TA spectra of the pristine Y6 film at high excitation fluences, as shown in Figures 4a, 4b and S7. 

Accelerated triplet formation at high excitation fluences cannot be rationalized by ISC because 

ISC quantum efficiency is lower due to SSA. Therefore, we examined the relationship between 

the TA signal and the excitation fluence to investigate the mechanism of triplet generation at high 

excitation fluences. Figures 4c and 4d show log–log plots of the TA signal amplitudes monitored 

at 850 and 1400 nm, respectively; these plots are well fitted by the following power-law equation: 

DOD µ Iexm, where Iex is the excitation fluence, and the slope m depends on the time duration after 

photoexcitation. As shown in Figure 4e, the slope of the 850 nm signal (GSB) decreased to 0.5 on 

early times, indicating that SSA is the dominant decay channel for Y6 singlet excitons at high 

excitation fluences (detailed discussion is found in the Supporting Information). The slopes of the 

850 nm signal recovered to unity after 500 ps, at which time singlet excitons had completely 

decayed, and triplet excitons were observed. In contrast, the slopes of the 1400 nm (superposition 

of singlets and triplets) remain almost unity. These results indicate that triplet excitons are 

generated through SSA at high excitation fluences. Figure 4f shows the decay kinetics of Y6 triplet 
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excitons generated through SSA; these excitons decay quickly on nanosecond time scale, which is 

too fast to be assigned to the intrinsic Y6 triplet exciton decay as it should be on the order of 

microsecond (Figure S4). Interestingly, the decay dynamics of the Y6 triplet excitons generated 

through SSA are almost independent of the excitation fluence. Such a fluence-independent fast 

triplet decay has been reported for some singlet fission materials, wherein triplet pairs generated 

through singlet fission decay geminately before they dissociate into two free triplets.37,38 This is 

consistent with the observation of SE in the 900–1100 nm region on the nanosecond time scale, as 

shown in Figures 4a and 4b, which indicates that the triplet pairs recombine to the S1 state, 

followed by delayed fluorescence. Thus, we conclude that triplet excitons observed at high 

 

Figure 4. (a) TA spectra of the pristine Y6 film. The excitation wavelength was 800 nm with 

a fluence of 31.1 μJ cm−2. (b) Enlarged TA spectra at 1000 ps. (c,d) Log–log plots of the TA 

signals monitored at (c) 850 nm and (d) 1400 nm. (e) Time evolution of the slope m. (f) 

Excitation-fluence dependence of Y6 triplet decay. 
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excitation fluences are formed through singlet fission from the Sn states generated by SSA. As the 

Sn state generated by SSA possesses twice as much energy as the S1 state, the Sn state always 

satisfies the energetic requirement for singlet fission; i.e., ES > 2ET.39 This process has been 

reported for anthracene for the first time,39 as well as for some conjugated polymers.37,38 This result 

also implies that the slow PL decay mentioned above may be a result of the geminate 

recombination of the triplet pairs instead of free triplet excitons because the Sn states can also be 

generated after the 400-nm excitation. 

In summary, we have studied the singlet and triplet excited-state dynamics of Y6 in solution and 

solid states. We found that singlet excitons in pristine Y6 films exhibit biphasic decay kinetics 

with decay constants of ~220 ps and ~1200 ps. The majority of the Y6 singlet excitons decayed 

with the faster (~220 ps) component, whereas the Y6 films continued to exhibit PL on the 

nanosecond time scale. Accordingly, we speculate that the slow PL may be induced by the S1 state 

repopulated through TTA of free triplet excitons or geminate recombination of triplet pairs 

following singlet fission. We also speculate the possible presence of highly ordered regions with 

a suppressed nonradiative decay rate in the pristine Y6 films. Y6 exhibits relatively fast singlet 

exciton diffusion with a diffusion constant of 2.1×10−2 cm2 s−1, which is crucial for efficient 

photocurrent generation in Y6-based OSCs. Fast singlet exciton diffusion easily causes SSA at 

high excitation fluences. The Sn states generated by SSA undergo singlet fission to form triplet 

pairs in competition with vibrational relaxation to the S1 state. Although SSA-mediated singlet 

fission does not improve the PCE of OSCs because it generates two triplet excitons from two 

singlet excitons, the observation of singlet fission from the Sn states highlights the potential 

application of Y6 as a photon multiplier because the Sn states can also be generated by irradiation 

with UV–visible light. The small (<0.3 eV) energy difference between the S1 and T1 states of Y6 
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in the solid state is another important property. Because the energy level of the T1 state is a critical 

factor governing the bimolecular charge recombination rate in OSCs, the small S1–T1 energy 

difference is the key to further improve Y6-based OSCs. 
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