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Abstract
Managing the dynamics of spin-triplet electronic states is crucial for achieving high-performance organic photovoltaics (OPV). Here we show that the replacement of fullerene with non-fullerene acceptor (NFA) molecules leads to suppression of triplet recombination and thus more efficient charge generation. This indicates that the relaxation of charges to the local triplet exciton state, although energetically allowed, is outcompeted by the thermally-activated separation of interfacial charge-transfer excitons (CTE) in the NFA-based system. By rationalizing our results with Marcus theory, we propose that triplet recombination in the fullerene system is driven by the small energy difference and strong electronic couplings between the CTE state and the lowest-lying triplet exciton state (T1) of fullerene acceptor molecules. In contrast, the large energy difference and small electronic couplings between these states in the NFA-based blends lead to sufficiently slow triplet relaxation rate compared to the charge separation rate (<<1010 s-1), thus preventing triplet recombination.
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Flexible, semi-transparent and eco-friendly organic solar cells (OPVs) based on polymers and molecules are promising alternatives to commercial silicon cells 1. One fundamental difference between organic and inorganic semiconductors is the energy difference (EST) between the lowest spin-singlet (S=0) and triplet exciton states (S=1). For crystalline inorganic materials these spin states are degenerate, whereas for organic materials the lowest-lying triplet exciton state (T1)  are typically much lower in energy than the singlet state (S1) due to strong electron-electron interactions 2,3. For conjugated polymers, EST is typically ~0.5-0.7 eV, while for molecules it is found to vary over a wide range depending on molecular size 3. For [6,6]-Phenyl-C71-butyric acid methyl ester (PCBM), which is the most common fullerene acceptor used in OPVs, EST is only ~0.2 eV, placing the lowest triplet energy at ~1.5 eV 4. As a result of their low energies, the local triplet exciton state on either the donor (D) or acceptor (A) materials are generally accessible from the interfacial charge-transfer exciton (CTE) states formed at the D/A heterojunction. The local triplet exciton state can be populated by triplet CTEs created either geminately (following intersystem crossing of singlet CTEs) 5,6 or bimolecularly upon free carrier encounters at the D/A interface (according to spin-statistics of free charges)7,8. It should be noted that CTEs with both singlet and triplet spin characteristics have similar energies 9. Once local triplet excitons are formed upon relaxation of triplet CTEs, they tend to lose their energy and return to the ground state either via vibrational relaxation or via annihilation with charge carriers, leading to detrimental non-radiative recombination that lowers device efficiency as well as stability 7–16. Overcoming triplet recombination is thus crucial for achieving high-performance OPVs.

In fullerene-based OPV systems, triplet recombination can be effectively avoided by optimizing charge delocalization at the D/A interface, such that the rate of CTE-T1 relaxation rate is outcompeted by fast dissociation of interfacial electron-hole pairs into free carriers 7,17. However, it is noted that large interfacial charge delocalization also leads to lower CTE state energy 18, which increases photovoltage loss (defined as Eoptical gap minus qVoc; typically over 0.8V for fullerene-based OPV). Recent OPV systems based on non-fullerene acceptors (NFA) show significantly lower photovoltage losses (below 0.6V) compared to fullerene-based devices, with single-junction devices now able to achieve up to ~18% efficiency 19. Crucially, in efficient NFA-based systems, the CTE states matches with the optical gap of the blend such that near-zero excess energy provided by the D/A energy offset is needed to drive charge separation 20–22. Our recent work provided evidence for the formation of long-lived CTEs at the D/A interface of these systems, which can subsequently separate into free charges by thermal activation 23. This endothermic process takes ~100 ps to complete at room temperature, nearly three orders of magnitudes slower than comparable fullerene-based OPV blends (in which charge separation is largely driven by charge delocalization) 24,25. The high photovoltaic performance of NFA-based OPVs indicates that charge recombination via both spin states must be effectively suppressed despite the slow CTE separation rate. For the spin-singlet case, it is suggested that the close energy alignment between CTE and S1 states enables the regeneration of emissive singlet states upon free charge encounters, thus suppressing non-radiative recombination 22,26. For the spin-triplet case, the absence of local triplet exciton formation has been confirmed using spin-sensitive optical measurement 27; however, it remains unclear how triplet recombination is avoided in these systems given that the interfacial electron-hole pairs form localized CTEs with a slow dissociation rate (~100 ps; Ref. 23). 

Here we study the factors that help suppress triplet recombination in NFA-based OPVs. We use time-resolved optical spectroscopy to study excited state dynamics in three bulk-heterojunction OPV blends, namely P3TEA:SF-PDI2, P3TEA:di-PDI and P3TEA:PCBM (see Figure 1a for their chemical structures). All three blends comprise the same donor polymer, P3TEA (Eoptical gap ~1.72 eV, which is lower than the optical gap of the acceptor molecules in all three blends), and have various D/A energy offsets and solar cell performance (see Figure 1b for their energy alignments and device performances; Table 1 summarizes the device parameters). Detailed characterizations of the energetics, morphologies and sub-picosecond charge dynamics of these systems have been reported in our previous works 21,23,28. In brief, P3TEA:SF-PDI2 has near-zero CTE-S1 energy offset and shows small photovoltage loss (~0.6V). P3TEA:di-PDI has larger photovoltage loss (~0.77V) due to the increased CTE-S1 energy offset, and CTE energy is placed at ~200 meV below the singlet excitons. The fullerene blend, P3TEA:PCBM, shows larger voltage loss (~0.83V) than both NFA blends, with CTE at ~1.62 eV (near 100 meV below the singlet excitons). All three blends have low Urbach energies of ~30 meV, which indicates that the charges have similarly low degree of energetic disorder at the D/A interface 29. 

Figure 2 shows the spectral evolution of the transient absorption (TA) signal of these blends between 1 to 2000 nanoseconds following initial photoexcitation at 532 nm. We note that for all three blends the TA response of P3TEA donor polymer dominates the blend TA signal because the acceptor molecules have much weaker TA cross sections in this spectral window (see Figure S1 and S2 in the Supporting Information). At 1 ns, the TA signal of all three blends involve a positive ground-state bleach (GSB) feature that resembles the polymer absorption and a negative photoinduced absorption (PA) feature above ~720 nm (see Figure 2a-c). Our previous results indicate that all conversions from excitons to charges occur within 1 ns 23,28.

The signal intensity decreases with increasing delay time in all three blends, indicating that photogenerated charges recombine to the ground state on this timescale. The TA signals in P3TEA:SF-PDI2 and P3TEA:di-PDI blends (Fig. 2a,b) decay uniformly with no spectral evolution over time (see normalised spectra in the insets), thus indicating that charge recombination events in this blend do not involve the formation of excited states other than those already created at early times (singlet excitons, CTEs and free charges, see Ref.23). However, we do observe clear spectral shifting in P3TEA:PCBM (Fig. 2c) with increasing delay time. As shown in the inset of Fig. 2c, the TA signal of P3TEA:PCBM significantly deviates from its initial spectral response from ~20 ns onwards, showing a slightly red-shifted peak with reduced GSB response below 680 nm and lower PA signal above 730 nm. This spectral shape is preserved until the signal intensity falls to zero at ~2 µs.

We then explore the effect of excitation density on the TA response. Figure 2d show the normalised TA spectra of P3TEA:PCBM integrated between 1-2000 ns at various excitation fluences (from 2 to 16 µJ cm-2 per pulse). We find that the extent of the aforementioned spectral shifting in P3TEA:PCBM is more prominent at higher excitation fluences, indicating that this effect scales with increasing carrier density. On the other hand, we find almost no fluence dependence for the two NFA-based blends (see Fig. S3 in Supporting Information). These results provide evidence for the generation of a new excited state upon bimolecular charge recombination events in the fullerene blend but not in the two NFA-based blends.

Numerical spectral analysis shows that the interplay between two spectral signals are responsible for the spectral evolution observed in the P3TEA:PCBM blend. Figure 3a shows the two numerically extracted TA spectra, and their kinetics are shown in Fig. 3b. The first spectral signal is the polymer polaron (charge) signal that we also measured in the two NFA-based blends (blue line in Fig. 3a,b). The kinetics of this extracted signal falls to zero by ~100 ns, and this timescale corresponds to the charge lifetime in P3TEA:PCBM. The second feature (red line in Fig. 3a,b) is slighted red-shifted with respect to the charge signal (peak at ~695 nm compared to ~685 nm), and its signal intensity grows up to ~10 ns and then slowly decay to zero at ~2 µs, outliving the charges. We assign the second feature to triplet excitons of P3TEA polymer based on three reasons: Firstly, the growth of this signal correlates with the decay of charges and scales in intensity with excitation fluence, indicating that it is caused by bimolecular charge recombination (see Fig. 2d and Fig. S4 in the Supporting Information). This result agrees with previous reports that show bimolecular charge encounters lead to formation of local triplet excitons in OPV blends involving fullerene acceptors 7,8. Secondly, triplet excitons generally have long lifetimes that extend into microseconds, and this is consistent with the long lifetime measured. And thirdly, the spectral response of this feature matches with the weak TA signal measured in a pristine P3TEA film at time delays of hundreds of nanoseconds (see Figure S1 in the Supporting Information). This timescale is much longer than the lifetime of singlet excitons in P3TEA (~1 ns) and thus can be attributed to triplet excitons formed via intersystem crossing. In regards to the TA spectrum, triplet excitons are expected to show similar GSB signal as in cases of singlet excitons and polarons in the polymer. We consider that the overall triplet TA spectrum of P3TEA corresponds to a positive GSB signal overlapped by a negative PA signal up to ~695 nm (see green dashed line in Figure 3a). 

It is thus clear that triplet recombination occurs in P3TEA:PCBM but not in P3TEA:SF-PDI2 and P3TEA-di-PDI, despite the fact that both donor and acceptor T1 states have lower energies than CTEs in all three blends (see Table 1). We estimate ET1 ~1.2 eV for P3TEA based on an EST of 0.5 eV typically found for conjugated polymers 3. For the acceptors, we assume a similar ET1 ~ 1.2 eV for PDI dimers 30 and ET1 ~ 1.5 eV for PCBM 4 based on previous reports. The absence of triplet exciton formation in the two NFA blends indicates that the relaxation rate of CTEs to the T1 state is outcompeted by thermal separation of the CTEs to free charges (~100 ps; Ref. 23), thus leading to much longer charge lifetime than in the fullerene blend (nearly an order of magnitude increase; see Fig. 3b). We consider three possible factors that help prevent triplet recombination in the two NFA blends. Firstly, the close energy alignment between singlet exciton (S1)  and CTE can give rise to state hybridisation 26 that may lower the energy of the singlet 1CTE state versus the triplet 3CTE states, thus leading to preferential population of the 1CTE state upon bimolecular charge encounters. But while this explanation may apply to the P3TEA:SF-PDI2 blend, it does not apply to P3TEA:di-PDI since there is a large offset (~200 meV) between these states to prevent hybridisation. We therefore rule out CTE-S1  state hybridization as a required condition for suppressing triplet recombination. Instead, we consider that the small energy difference between the lowest triplet excitons of PCBM molecules (ET1 ~1.5eV) and the CTE state (ECTE ~1.6eV in P3TEA:PCBM) is a key factor that drives triplet recombination in the fullerene blend. The transition rate from CTE to T1 can be estimated by the Marcus electron-transfer rate equation 31:
    		(1)
where T is the temperature, kB is the Boltzmann constant, is the reorganization energy, and  and  denote the Gibbs free energy difference and the electronic coupling between the final and initial electronic states, respectively. Previous work has shown that CTE-T1 transition falls into the Marcus inverted regime and  can be approximated by the energy difference between the local T1 state and the CTE state 15. Given the Marcus inverted regime, the CTE-T1 transition rate increasing exponentially with reducing energy difference between these states. Therefore, the higher T1 energy of PCBM leads to a much faster triplet formation rate in P3TEA:PCBM compared to the two NFA blends. This is reflected in the calculated CTE-T1 transition rate versus energy difference (Fig. 4a), taking reorganization energy  of 150 meV and electronic coupling V between the two states as 10 cm-1 (Ref. 15; calculated transition rates at various  and V are shown in Fig. S5 of Supporting Information). The results show that transition from CTE to the PCBM T1 state happens at a fast rate of ~1011 s-1. Once formed, these PCBM T1 states can subsequently transfer to the lower-lying polymeric donor T1 state (as we observed in the TA experiments), and then recombine to the ground state 8. We note that the PCBM T1 signal is not observed in the TA data because they are much weaker than the polymer charge/triplet signals (see SI for details) 4,8. In comparison, taking only CTE-T1 energy difference into consideration, the triplet relaxation rate is about two and six orders of magnitudes slower in P3TEA:di-PDI2 and P3TEA:SF-PDI2, respectively, which is sufficiently slower than the CTE thermal separation rate (~1010 s-1) to prevent triplet formation. Furthermore, we consider that the spherical shape of fullerene molecules may lead to better D/A mixing at the interface that leads to smaller spatial distance between CTE and T1 state compared to NFA blends 17. Thus, the smaller electronic couplings between CTE and T1 states in NFA blends may further reduce the triplet relaxation rates compared to those with fullerene acceptors (see Fig. S5). 

The presence of triplet recombination in P3TEA:PCBM is consistent with the higher open-voltage loss (0.83 V) for this blend (0.61 V for P3TEA:SF-PDI2 and 0.77 V for P3TEA:di-PDI). Three terms contribute to the total voltage loss (V) of a solar cell 21,32:
							(2)

The first term  corresponds to radiative recombination above the bandgap ( is the maximum voltage by the Shockley-Queisser limit), and is unavoidable for any solar cells (typically ~0.3 V for OPV with standard device structures; Ref. 21). The second term () is due to radiative recombination from CTEs with energy below the optical gap, and is about zero for systems with negligible D/A energy offset. The photovoltage losses associated with CTE energy for the three studied systems are summarized in Table 1. The third term ( is due to non-radiative recombination losses and is given by , where is thermal energy and  is the external electroluminescence quantum efficiency of the diode 33. It should be noted that triplet recombination would lead to non-radiative recombination losses in these systems16. The significant extent of triplet recombination measured for the fullerene blend is therefore consistent with its low  (~10-6; compared to ~10-4 for P3TEA:SF-PDI2), leading to a large non-radiative recombination voltage loss of ~0.35V. Suppression of triplet recombination is thus a required condition for high-performance OPV devices.

In conclusion, we optically probed the formation of triplet excitons in three NFA and fullerene-based OPV blends. For all three blends the CTEs lie above the triplet exciton states of both donor and acceptor such that relaxation to form low energy triplets is energetically allowed (see Fig. 4b). For the fullerene blend, the formation of triplet excitons following bimolecular charge recombination is clearly observed. We attribute this to the fast CTE-T1 transition rate due to small energy difference as well as large electronic couplings between the CTE and PCBM T1 states in the fullerene blend. This fast triplet relaxation subsequently leads to non-radiative recombination and therefore device voltage loss. Critically, the optimal CTE energy for an OPV is ~1.6 eV 34,35, and this energy is close to the lowest triplet state in fullerene molecules (T1 ~1.5 eV). Therefore, fast CTE-T1 relaxation facilitated by the high molecular triplet energy of fullerene acceptors represents a fundamental limitation for fullerene-based OPV devices. In contrast, we found no evidence for charge relaxation to local triplet excitons on any timescale for the two NFA blends. This indicates that relaxation to form triplet excitons, although energetically allowed, is outcompeted by thermal separation of the CTEs to free charges in these NFA blends (take ~100 ps to complete at room temperature 23). Our results indicate that sub-picosecond CTE dissociation driven by interfacial charge delocalization is not a required condition for preventing triplet recombination, provided that there is sufficiently large energy difference and small electronic couplings between the CTE and triplet exciton states such that the triplet relaxation rate is slow (<<1010 s-1), thereby suppressing non-radiative triplet recombination losses in these blends. We believe our findings can be generalized to other organic materials (both OPV and OLED systems), though further investigations are needed to confirm this.
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Figure 1. (a) Chemical structures of donor polymer (P3TEA) and acceptor molecules (SF-PDI2, di-PDI and PCBM). (b) Device current-voltage curves measured under simulated AM1.5G solar illumination. The energy level diagram summarises the lowest occupied molecular orbitals (LUMO) and highest unoccupied molecular orbitals (HOMO) determined by cyclic voltammetry and optical absorption measurements. Device parameters are summarized in Table 1.
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Figure 2. (a,b,c) Transient absorption measurements in the nanosecond timescale. The three donor-acceptor blends were excited at 532 nm at a pulse fluence of ~2 µJ cm-2. Note that all conversions from excitons to charges in these blends will be completed by 1 ns 23,28, and therefore the results reflect the charge recombination dynamics. Normalised spectra are shown in the insets. (d) Normalised transient absorption spectra of P3TEA:PCBM integrated between 1 to 2000 ns at various excitation fluences, showing that the spectral shifting scales with increasing excitation fluence. The corresponding data for P3TEA:SF-PDI2 and P3TEA:di-PDI films are shown in Fig. S3 in the Supporting Information, showing little spectral shifting even at up to 16 µJ cm-2.
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Figure 3. (a) The solid lines show the two normalised transient absorption (TA) spectral responses that were numerically extracted from the TA data of P3TEA:PCBM shown in Figure 2(c). As described in the main text we assign these to the TA response of charges (blue) and triplet excitons (red) in the P3TEA polymer domain. The P3TEA triplet exciton response matches the with 100ns TA spectrum measured in a pristine P3TEA film (see Fig. S1 in Supporting Information). The black dashed line shows the response of singlet excitons as measured in a pristine P3TEA film, and the green dashed line shows the photoinduced absorption of P3TEA triplet excitons based on the assumption that excitons of both spin states have the same ground-state bleach (GSB) spectral response. (b) Evolution of charge and triplet signals in the three blends upon 532 nm photoexcitation at a fluence of 2 µJ cm-2 per pulse. In the fullerene blend the decay of charge population scales with the growth in triplet excitons, thus indicating that bimolecular charge recombination leads to formation of long-lived (~1 µs) triplet excitons (see fluence dependence in Fig. 2d and Fig. S4 in the Supporting Information). We found no evidence for triplet exciton formation in the two non-fullerene blends, and the charge lifetimes are nearly an order of magnitude longer than in the fullerene blend (consistent with the reduced photovoltage loss).

[image: ]
Figure 4. (a) Calculated relaxation rate from CTE to T1 (kCTET1) based on the Marcus electron-transfer rate equation.  is approximately the energy difference between the local T1 state and the CTE state. Note that the energy difference between singlet CTE (1CTE) and triplet CTE (3CTE) is negligible 15. The reorganization energy  is estimated to be 150 meV, and the electronic coupling V between the two states is assumed to be 10 cm-1. A maximum rate of ~5 x 1010 s-1 is reached for  of about 0.1 eV, which applies to P3TEA:PCBM as a result of the high T1 energy of PCBM (~1.5 eV), while for the two NFA blends the transition rates are several orders of magnitude slower since the T1 energies of donor and acceptor are at least ~0.3 and ~0.5 eV below the CTE energy levels. The thermal dissociation rate of CTEs into free charges (kCTEFC) is ~1010 s-1 (Ref. 23; red-dashed line). The dependence of kCTET1 with electronic coupling and reorganization energy are shown in Fig. S5 in the Supporting Information. (b) Schematic energy diagram illustrating the competition between triplet relaxation (kCTET1) and CTE separation (kCTEFC) rates. The small energy difference between CTE and PCBM T1 states in P3TEA:PCBM leads to much greater kCTET1 compared to the two NFA blends.


	
	VOC (V)a
	Eg/q – VOC (V)b
	EQEmaxc
	ECTE (eV)d
	ET1 donor (eV)e
	ET1 acceptor (eV)f
	Eg – ECTE (eV)

	P3TEA:SF-PDI2
	1.11 
	0.61
	66%
	1.72 
	1.2
	1.2
	Negligible

	P3TEA:di-PDI
	0.95 
	0.77
	62%
	1.52 
	1.2 
	1.2 
	~0.2 

	P3TEA:PCBM
	0.89
	0.83
	65%
	1.62 
	1.2 
	1.5 
	~0.1 



Table 1. (a) Device open-circuit voltage under 1 sun (VOC). (b) Photovoltage loss given by difference between optical gap (Eg) and VOC. (c) Maximum external charge generation yield at short-circuit. (d) Energy of charge-transfer excitons determined by photoconductivity and emission measurements 21. (e) Lowest triplet exciton level of P3TEA donor is estimated based on a EST of 0.5 eV typically found for conjugated polymers 3. (f) Energy of lowest triplets in the acceptor molecules based on previous reports 4,30.
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