Eliminating the Burn-in Loss of Efficiency in Organic Solar Cells by Applying Dimer Acceptors as Supramolecular Stabilizers
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Abstract
[bookmark: _Hlk150728085]The meta-stable active layer morphology of organic solar cells (OSCs) has been identified as the main cause of the rapid burn-in loss of power conversion efficiency (PCE) during long-term device operation. However, effective strategies to eliminate the associated loss mechanisms from the initial stage of device operation are still lacking, especially for high-efficiency material systems. Herein, we report the introduction of molecularly engineered dimer acceptors with adjustable thermal transition properties into the active layer of OSCs to serve as supramolecular stabilizers for regulating the thermal transitions and optimizing the crystallization of the absorber composites. By establishing intimate π-π interactions with small-molecule acceptors, these stabilizers can effectively reduce the trap-state density (Nt) in the devices to achieve excellent PCEs over 19%. More importantly, the low Nt associated with an initially optimized morphology can be maintained under external stresses to significantly reduce the PCE burn-in loss in devices. Our research reveals a judicious approach to improving OPV stability by establishing a comprehensive correlation between material properties, active-layer morphology, and device performance, for developing burn-in-free OSCs. 






1. Introduction
[bookmark: _Hlk150762236]With the rapid development of small-molecule non-fullerene acceptors (SMNFAs), the power conversion efficiencies (PCEs) of single-junction organic solar cells (OSCs) have exceeded 19%.[1–5] However, state-of-the-art OSCs adopting the bulk-heterojunction blend of polymer donors and SMNFAs often suffer from severe PCE burn-in loss even when operated under an inert atmosphere, showing irreversible and sharp decay in the beginning of device operation before stabilizing.[6–10] This stems from the meta-stable morphology of OSC absorbers, especially the high-performance multi-component systems, which are extremely sensitive to external stresses under operation.[11–15] This poses a major limitation for OSCs to compete with other photovoltaic technologies without such a burn-in loss feature, such as silicon, GaAs, and perovskites. 
The earliest rationale behind using a multi-component active layer in OSC[16] is motivated by the need to use materials with different electron affinities to ensure efficient exciton dissociation and charge transport. However, this approach creates issues concerning the miscibility between different materials to undermine OPV stability.[17] Recent research has demonstrated that the morphological evolution driven by thermal stress[17] plays a critical role in causing burn-in loss. The diffusion of SMNFAs and insufficient miscibility[18] between different components in the blend of active layer contribute to the meta-stable morphology,[15,19] resulting in the rapid decay of PCE. Therefore, the key to alleviating the burn-in loss lies in understanding and minimizing the causes of molecular diffusion to enable a robust morphology through regulated material thermal transitions. The glass-transition temperature (Tg)[20] corresponds to the motion of certain segments in semi-crystalline materials, and the onset crystallization temperature (Tonset)[21] represents the destruction of a crystalline phase when turns into amorphous, which are key indicators associated with the extent of burn-in loss in OSCs.[17,22]
[bookmark: _Hlk150728862]Most recently, Y6-derived oligomeric acceptors,[20] especially the dimers,[23,24] have displayed thermally stable morphology but often suffer from compromised PCEs. Since their molecular structures are highly similar to the SMNFAs, they are capable of establishing intimate π-π interactions with SMNFAs[25] to serve as a supramolecular stabilizer to form a miscible blend in the ternary device[26] for enabling a favorable nanostructure[27] and robust morphology to minimize the burn-in loss. Herein, we report three dimerized acceptors with adjustable thermal transition properties, for application as supramolecular stabilizers to tune the thermal transition properties of absorbers in OSCs. By introducing dimer stabilizers and optimizing their flexible linker length, the Tg and Tonset of the acceptor blends can be improved compared to that of the pristine BTP-eC9, which help restrict molecular diffusion to result in robust active layer morphology. Consequently, the incorporation of dimer stabilizer in ternary planar-mixed heterojunction (PMHJ) OPV cells helps stabilize active layer nanostructure[28,29], enabling robust morphology to improve device stability. Based on these findings, we achieve over 19% PCE in the derived devices, and a negligible burn-in loss for realizing a T98 lifetime of 600 h. Our work elucidates the causes and solutions to the notorious PCE burn-in loss and offers guidelines for the future development of highly efficient and durable OSCs.

2. Results and Discussions
[image: ]
[bookmark: _Hlk144888938]Figure 1. Properties of dimer acceptors. (a) The chemical structure of dBTP-ThC2, dBTP-ThC4, and dBTP-ThC6. (b-e) The temperature-dependent absorption spectra of pristine BTP-eC9 film (b) and BTP-eC9:dBTP-ThC4 film (d), and the temperature-dependent variations of absorption deviation for the pristine BTP-eC9 film (c) and BTP-eC9:dBTP-ThC4 film (e). (f) The endo-up DSC thermograms of pristine BTP-eC9, dBTP-ThC2, dBTP-ThC4 and dBTP-ThC6 films and blend BTP-eC9:dBTP-ThC2, BTP-eC9:dBTP-ThC4 and BTP-eC9:dBTP-ThC6 films. The heating rate during the DSC measurements is 10 ℃/min. In the DSC thermograms, the black and red lines mark the peak temperature (Tc) and onset temperature (Tonset) of crystallization, respectively.

2.1. Properties of Dimer Acceptors
[bookmark: _Hlk150762167]Three dimer acceptors (dBTP-ThC2, dBTP-ThC4 and dBTP-ThC6) with Y6-derived conjugated backbones and different flexible linkers (Figure 1a) were synthesized as shown in Figure S1 (Supporting Information, SI), and the structural information of intermediates and final products are provided in Figures S2-9 (SI). The results of density-functional theory (DFT) calculations (Figure S10, SI) show that increasing the flexible linker length leads to decreased dihedral angle between the thienyls of the flexible linker and the acceptor backbone, thereby reducing the torsion of dimers and further regulating the thermal transition properties, crystallization, and supramolecular π-π interactions between dimers and SMNFAs.[30–32] The lowest unoccupied molecular orbital (LUMO)/highest occupied molecular orbital (HOMO) energy levels of dBTP-ThC2, dBTP-ThC4 and dBTP-ThC6 were determined as 3.75/5.67 eV, 3.75/5.68 eV, and 3.77/5.69 eV (Figure S11, SI), respectively. Given that the LUMO/HOMO levels of BTP-eC9 are 4.05/5.64 eV,[33] the introduction of these dimer acceptors with slightly larger bandgap into BTP-eC9 matrix can form the type I quantum well structure[34] (Figure S11, SI) to enhance the open-circuit voltage (Voc) of devices through the dilution effect.[34] The optical bandgaps of BTP-eC9, dBTP-ThC2, dBTP-ThC4, and dBTP-ThC6 were determined as 1.32, 1.39, 1.40, and 1.39 eV (Figure S11, SI), respectively, whose trend agrees well with the results from cyclic voltammetry (CV) measurements.

Table 1. The parameters related to thermal transitions of pristine BTP-eC9 and blended acceptors. 
	Materials
	Tg a
(oC)
	Tonset b
(oC)
	Tc b
(oC)

	BTP-eC9
	72
	162
	189

	BTP-eC9:dBTP-ThC2
	74
	173
	190

	BTP-eC9:dBTP-ThC4
	82
	175
	192

	BTP-eC9:dBTP-ThC6
	78
	174
	190


a.The glass-transition temperature extracted from the temperature-dependent absorption spectra.
b.The onset temperature and peak temperature of crystallization obtained from the DSC thermograms.

2.2. Thermal Transitions
[bookmark: _Hlk150762315]The initial intention of synthesizing dimers is to improve the morphological stability of SMNFAs-based OSC active layer. Therefore, the thermal transition properties associated with molecular diffusion were first investigated to understand how dimers can affect device performance. The initial long-chain motion of molecular segments before reaching the rubbery state[35]-[36] can be reflected by the glass-transition temperature (Tg), which was determined by the temperature-dependent absorption spectra in this research. As displayed in Figures 1b-c, the absorption deviation of pristine BTP-eC9 film shows an inflection point representing the Tg[37] of around 72 oC accompanied by a red-shift of 0-0 absorption peak[38] of 19 nm. This indicates strong J-aggregation[39] is formed due to the re-organization of BTP-eC9. In contrast, the acceptor blends composed of dimers and BTP-eC9 (Table 1, Figure S12 and Table S1) show higher Tgs than that of the pristine BTP-eC9 film, indicating dimers can serve as supramolecular stabilizers to inhibit the diffusion of SMNFAs by forming intimate π-π stacking. Among all blends, the BTP-eC9:dBTP-ThC4 blend exhibits the highest Tg of 82 oC and the red-shift of 0-0 absorption peak can be reduced by 8 nm (Figures 1d-e), illustrating that the linker length can govern the interactions between dimer and SMNFA for mitigating SMNFA diffusion to avoid excessive aggregation. For reference, the introduction of the monomer into BTP-eC9 does not improve the Tg (Figure S13, SI). Besides, as exhibited in Figure S14 and Table S1 (SI), the Tgs of PMHJ films were further investigated, whose trend agrees well with that of acceptor blends. This result indicates that dimers have strong potential to retard the molecular diffusion in the composite containing polymer donors through the supramolecular π-π stacking to alleviate the meta-stable morphology of active layer. 
To further decipher the emergence of excessive aggregation of SMNFAs observed in Figure 1b, the differential scanning calorimetry (DSC) measurements were performed to provide insights to the crystallization of materials. A very broad crystallization peak located at 207 oC (crystallization temperature, Tc) corresponding to an onset temperature (Tonset = 174 oC) of 33 oC lower than that obtained in the DSC thermograms for dBTP-ThC2 (Figure 1f, Figure S15 and Table S2, SI). This indicates the surface crystallization[40] and local crystallization[41] were affected by the twisted backbone of dBTP-ThC2 which has the shortest flexible linker (C2). On the contrary, too long aliphatic linker (C6) triggers the formation of liquid crystalline phase[42,43] to result in a pair of crystallization peaks emerging at 157 oC and 172 oC in the DSC thermogram of dBTP-ThC6. The dBTP-ThC4 with a moderate flexible linker length (C4) exhibits a similar Tc of 190 oC as BTP-eC9, but a higher Tonset (177 oC) than that of BTP-eC9 (164 oC). Differences in the crystallization properties of these dimers further contribute to the crystallization of the dimer-SMNFA blends. As exhibited in Figure 1f, Figure S15 and Table S2 (SI), the acceptor blends show similar single crystallization peaks with the pristine BTP-eC9, indicating the well miscibility between dimer stabilizers and SMNFAs to form homogeneous blends.[26] Compared with BTP-eC9 having the lowest Tonset of 162 oC, the dimer-containing blends exhibit higher Tonsets, 173 oC (dBTP-ThC2), 175 oC (dBTP-ThC4), and 174 oC (dBTP-ThC6), respectively, accompanying with narrower crystallization peaks. This result illustrates that thresholds of crystallization destruction of blends are higher than that of pristine SMNFAs. Therefore, SMNFAs with high diffusion coefficient and easily disrupted crystallinity can aggregate excessively. Contrarily, the blends with inhibited diffusion are less prone to aggregation, thereby enabling robust morphology with minimized burn-in loss. Moreover, the higher Tonsets also indicate slower crystallization[44] and inhibited surface crystallization[45,46] of blends, which facilitate the favorable crystal orientation and balance the trade-off between the device efficiency and stability. 

[bookmark: _Hlk152686243][image: ]
Figure 2. Device performance. The J-V characteristics (a) and EQE curves (b) of devices based on D18/BTP-eC9, D18/BTP-eC9:dBTP-ThC2 (w/ dBTP-ThC2), D18/BTP-eC9:dBTP-ThC4 (w/ dBTP-ThC4), and D18/BTP-eC9:dBTP-ThC6 (w/ dBTP-ThC6), respectively. (c) The Mott-Schottky analysis of OPVs based on binary D18/BTP-eC9, and ternary composites of w/ dBTP-ThC2, w/ dBTP-ThC4, and w/ dBTP-ThC6, respectively. The inset values are the corresponding trap-state densities (Nt). The dependence of Voc over light intensity (d) and transient photocurrent (TPC) curves (e) of devices based on D18/BTP-eC9, w/ dBTP-ThC2, w/ dBTP-ThC4, and w/ dBTP-ThC6, respectively. (f) The hole/electron mobility (μh/μe) of single-carrier devices based on D18/BTP-eC9, w/ dBTP-ThC2, w/ dBTP-ThC4, and w/ dBTP-ThC6, respectively. The carrier mobility was calculated using the space-charge-limited current (SCLC) method. The upward and downward bar graphs represent the μh and μe, respectively. The J-V characteristics (g) and EQE curves (h) of devices based on D18/L8-BO and D18/L8-BO:dBTP-ThC4, respectively. 

2.3. Impact on Device Performance
[bookmark: _Hlk157807246]Our investigation over material thermal-transition properties indicates that dimer supramolecular stabilizers may eliminate the burn-in loss in high-efficiency devices. Therefore, these stabilizers were adopted to conventional OSC devices with a structure of ITO/PEDOT:PSS/PMHJ layer/PNDIT-F3N/Ag for investigating their impacts on device performance. By adjusting the composition ratio, when incorporating the dimer stabilizer at 10% mass ratio of BTP-eC9 achieved optimal device performance (Figure S16 and Table S3, SI). As shown in Figure 2a and Table 2, ternary devices with dimer supramolecular stabilizers exhibit higher PCEs than that of the binary D18/BTP-eC9 device (17.48%) and the device based on dBTP-ThC4 dimer showed a champion PCE of 19.09% with the optimal Voc, Jsc, and FF, which can be attributed to the optimized crystallization as observed in the DSC thermograms to result in more favorable morphology. Meanwhile, the dimer supramolecular stabilizer with blue-shifted absorption, suitable energy levels, and larger bandgap not only enhances the Voc through dilution effect,[34] but also the device EQE response through improved active-layer absorption[47] and more efficient charge extraction to enhance Jsc. 
The impacts of dimers on devices were also investigated by studying the device physics. In Figure 2c, the Mott-Schottky analysis illustrates that the introduction of dimer can decrease the trap-state density (Nt) from 7.87 × 1020 cm-3 (D18/BTP-eC9) to 4.45 × 1020 cm-3 (w/ dBTP-ThC2), 3.03 × 1020 cm-3 (w/ dBTP-ThC4), and 3.63 × 1020 cm-3 (w/ dBTP-ThC6), respectively. These are achieved through suppressed charge recombination due to more regulated crystallization (Figure 2d and Figure S17, SI), which also facilitates charge separation and transport. The charge extraction time (τextra) was probed by the transient photocurrent (TPC) measurements (Figure 2e), illustrating that the devices with dimers show more rapid charge extraction associated with higher Jsc. Furthermore, the space-charge-limited current (SCLC) mothod[48] was employed to obtain the hole/electron mobilities (μh/μe) (Figure S18, SI). In Figure 2f, the μh/μe of D18/BTP-eC9 devices were determined as 1.18 × 10-4 / 9.78 × 10-5 mA cm-2 V-1, which are lower than those of the devices having supramolecular stabilizers. Consequently, the dBTP-ThC4-based device exhibited the highest μh/μe of 2.76/1.81 × 10-4 mA cm-2 V-1, demonstrating that dimer with a moderate flexible linker length can optimize charge transport through regulated crystallization to enhance device performance. Moreover, it was found that dimers can be generally applicable to improve the performance of OPV devices with other Y6 derivatives. In Figures 2g-h, the device of D18/L8-BO:dBTP-ThC4 exhibits a champion PCE of 19.16%, with a Voc of 0.915 V, Jsc of 26.30 mA cm-2, and FF of 79.69%, illustrating the general applicability of dimer supramolecular stabilizers.






[bookmark: _Hlk157538746]Table 2. The statistic of parameters of binary and ternary devices with PMHJ architecture.
	PMHJ
	Voc
(V)
	Jsc a
(mA/cm2)
	Jsccal b
(mA/cm2)
	FF
(%)
	PCE
(%)

	D18/BTP-eC9
	0.871
	26.73
	26.20
	75.06
	17.48

	D18/BTP-eC9:dBTP-ThC2
	0.872
	27.41
	26.42
	75.59
	18.06

	D18/BTP-eC9:dBTP-ThC4
	0.877
	28.29
	26.94
	76.94
	19.09

	D18/BTP-eC9:dBTP-ThC6
	0.877
	27.72
	26.62
	77.05
	18.73

	D18/L8-BO
	0.902
	24.84
	23.79
	78.75
	17.65

	D18/L8-BO: dBTP-ThC4
	0.915
	26.30
	24.95
	79.60
	19.16


a. Jsc extracted from the J-V characteristics.
b. Jsc integrated from the EQE curves.

[image: 图示

描述已自动生成]
Figure 3. Burn-in loss mechanism. (a) The PCE evolutions of devices based on D18/BTP-eC9, D18/BTP-eC9:dBTP-ThC2 (w/ dBTP-ThC2), D18/BTP-eC9:dBTP-ThC4 (w/ dBTP-ThC4), and D18/BTP-eC9:dBTP-ThC6 (w/ dBTP-ThC6), respectively. (b) The permittivity of fresh and aged devices based on D18/BTP-eC9 and w/ dBTP-ThC4. (c) The statistics of permittivity for fresh and aged devices. The upward and downward bar graphs represent the permittivity of fresh and aged OPVs. The Photo-CELIV curves of fresh and aged devices based on D18/BTP-eC9 (d), w/ dBTP-ThC2 (e), w/ dBTP-ThC4 (f), and w/ dBTP-ThC6 (g), respectively. The ramp rate of Photo-CELIV examinations equals 50 V/ms. Transient absorption spectra (TAS) of fresh D18/BTP-eC9 film (h) and fresh w/ dBTP-ThC4 film (i). The dynamic plots of D18/BTP-eC9 film (j) and fresh w/ dBTP-ThC4 film (k) probed at 595 nm of the corresponding TAS.

2.4. Elucidate the Burn-in Loss Mechanism
[bookmark: _Hlk150762457]The impacts of dimer on device stability and the corresponding mechanism were further investigated in detail. The maximum-power-point tracking (MPPT) of OPV cells was performed under one-sun illumination. As displayed in Figure 3a, a rapid burn-in loss can be observed in the D18/BTP-eC9 device, whose PCE quickly drops to 80% of the initial value within 350 h. In contrast, the burn-in loss can be significantly mitigated by introducing dimer stabilizers to retard the molecular diffusion by establishing a more robust morphology to reduce burn-in loss. Consequently, the ternary device of D18/BTP-eC9:dBTP-ThC4 exhibits negligible burn-in loss, maintaining 98% of the initial PCE after being tracked at MPPT for 600 h (T98). Meanwhile, the extrapolated T80 lifetime of ternary D18/BTP-eC9:dBTP-ThC4 devices is estimated to be ~ 2200 h. This result indicates that the supramolecular stabilizer dBTP-ThC4 with the most distinctly improved Tg, Tonset, and crystallization in the blend system can contribute to higher device performance and reduced burn-in loss. 
[bookmark: _Hlk150762504]To gain a deeper understanding of the dimer’s contribution to reducing OSC burn-in loss, mechanism studies were performed from the aspect of device physics. To understand the evolution between the fresh and the aged devices, all aged devices studied were tracked at MPP for 100 h. The relative permittivity (εr) is a parameter that can be easily influenced by the morphological variation.[49] As displayed in Figure 3b, the εr of the fresh D18/BTP-eC9 device is 3.51, while that of the aged device drops to 2.38. This indicates that the meta-stable morphology of the binary active layer deteriorates rapidly under the MPP condition, causing increased exciton binding energy (EB) to undermine device performance. In contrast, the changes in εrs of fresh and aged ternary devices with dimer stabilizers (Figure S19, SI and Figure 3c) are smaller than that of the binary device. Only negligible εr variation is found in the dBTP-ThC4-based ternary device (Figures 3b-c), with the εr of fresh and aged devices as 3.97 and 3.87, respectively. This result indicates that stable morphology realized by introducing dimers leads to stable εr and EB, which should facilitate efficient charge separation even in an aged device. This is further confirmed by TPC characterization of aged devices (Figure S20, SI), where the rapid charge extraction process can still be maintained well after prolonged operation when dimer stabilizers were introduced.
The rapid increase of Nt is also an important reason causing performance loss in OSCs.[50] In Photo-CELIV characterizations, the increased Nt can result in dispersive transport[51] and a longer delay time (td).[52,53] As displayed in Figure 3d, the aged D18/BTP-eC9 device exhibits a broader CELIV curve and longer td than that of the fresh binary device, indicating higher Nt caused by the morphological evolution. In contrast, similar CELIV curves and tds of fresh and aged ternary devices with dimer stabilizers indicate that retarded molecular diffusion and enhanced morphological stability can help maintain the Nt of devices at a relatively low level. Further Mott-Schottky analysis quantitatively analyzed the Nt of aged devices (Figure S21, SI), showing results agree well with that obtained from Photo-CELIV. Benefiting from dimer stabilizer regulated thermal transitions in blends, the retarded SMNFAs diffusion and the optimized crystallization can further enhance the morphological stability of active layer and maintain low-level Nt to realize negligible burn-in loss. 
[bookmark: _Hlk157886706]Transient absorption spectroscopy (TAS) characterizations were performed to understand the photophysical processes in active layer for reducing burn-in loss. As shown in Figures 3h-i and Figures S22-23 (SI), a 750 nm laser was utilized to selectively pump the acceptor to trigger the hole transfer from the acceptor to the donor, where the ground-state bleaching (GSB) signal of the donor was observed at 595 nm. The kinetics of the donor GSB signal (Figures 3j-k) were fitted to obtain two parameters, t1 and t2, corresponding to the exciton generation and diffusion,[54] respectively. Among them, the excitons diffusion to the interface is affected by phase separation and morphology of the PMHJ layer, thereby revealing morphology-related information. As summarized in Table S3 (SI), the longer t2 (16.53 ps / 13.78 ps) of fresh/aged films containing the dBTP-ThC4 than those of D18/BTP-eC9 films (15.34 ps / 9.72 ps) illustrates longer exciton lifetime in the ternary film with a dimer stabilizer, which is also corroborated by the time-resolved photoluminescence (TRPL) of acceptor films as displayed in Figure S24 (SI). This result further illustrates that ternary films containing dimer stabilizers have more favorable and robust morphology than that of D18/BTP-eC9 films, which not only facilitates more efficient charge transport, but also retains the desirable properties upon aging to alleviate the burn-in loss.
[image: 图表, 图示
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Figure 4. The Material Distribution. The film-depth-dependent light absorption spectra (FLAS) of the fresh D18/BTP-eC9 film (a), the aged D18/BTP-eC9 film (c), the fresh D18/BTP-eC9:dBTP-ThC4 (w/ dBTP-ThC4) film (e), and the aged w/ dBTP-ThC4 film (g), respectively. The component distribution along the depth of the fresh D18/BTP-eC9 film (b), the aged D18/BTP-eC9 film (d), the fresh w/ dBTP-ThC4 film (f), and the aged w/ dBTP-ThC4 film (h), respectively. The high-resolution Cl 2p core-level XPS spectra of fresh and aged D18/BTP-eC9 and w/ dBTP-ThC4 films (i), w/ dBTP-ThC2 and w/ dBTP-ThC6 films (j). The calculated Cl (k) and -C≡N (l) ratios in the fresh and aged PMHJ films.

2.5. The Material Distribution
Device physics studies indicate that the low-level Nt and the well-maintained morphology facilitated by the introduced dimer are the keys to minimizing the burn-in loss in ternary devices. To understand the microstructures of the ternary blends, the composition and morphology were further investigated to elucidate how dimer stabilizers affect the distribution and stacking of molecules, as well as the phase separation. To mimic the burn-in loss, aged films applied for morphological characterizations were aged at 65 oC for 72 h under 1-sun illumination. 
The film-depth-dependent light absorption spectra (FLAS) were measured to evaluate the vertical distribution of donor and acceptors.[29,55,56] Compared to the fresh binary film (Figures 4a-b), a distinct component segregation is observed in the aged D18/BTP-eC9 film (Figures 4c-d), which can be attributed to the rapid diffusion and surface crystallization of SMNFAs. By introducing dimer stabilizers, the component segregation is much mitigated (Figures S25-26, SI and Figures 4e-h), leading to more stable active layer morphology. The ternary film of D18/BTP-eC9:dBTP-ThC4 exhibits the most robust component distribution after aging (Figures 4e-h), demonstrating that the employment of a suitable dimer stabilizer with moderate flexible linker length can effectively retard the SMNFAs diffusion and suppress the unfavorable surface crystallization.
Considering that the segregation of SMNFAs mainly occurs at the top surface of PMHJ films, the surface-sensitive XPS characterization[57] was performed to examine the surface composition of fresh and aged PMHJ films. Using chloro group (Cl) as the signature species of BTP-eC9, the ratios of Cl at the surface of different PMHJ films were probed to estimate the surface distribution of BTP-eC9. As displayed in Figure 4i and Table S4 (SI), the Cl 2p core level spectra of aged D18/BTP-eC9 film exhibits a distinctly increased Cl ratio from 0.72% (fresh) to 2.20% (aged), demonstrating the segregation of BTP-eC9 after aging. This agrees well with the result from depth-dependent absorption spectra. In contrast, as shown in Figures 4i-k and Table S4, all ternary films with dimer stabilizer exhibit almost unchanged Cl ratio compared to that of the binary film, showing the effectiveness of dimer in inhibiting the segregation of SMNFAs. Meanwhile, the signal of cyano (-C≡N) group corresponding to BTP-eC9 and dimers can also be isolated from the high-resolution N 1s core level spectra to verify whether segregation occurs with dimer stabilizers. As shown in Figure 4l, Figures S27-32 and Table S5 (SI), the rule of -C≡N ratio change is similar to that of Cl within BTP-eC9, illustrating that the acceptor segregation is mainly due to the diffusion of small-molecule BTP-eC9 and the introduction of the dimer stabilizer can retard the diffusion of SMNFAs to inhibit unfavorable segregation.
[bookmark: _Hlk157876456][image: 电脑萤幕画面
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Figure 5. The morphology evolution. The two-dimensional (2D) GIWAXS patterns of the aged D18/BTP-eC9 (a) and D18/BTP-eC9:dBTP-ThC4 (w/ dBTP-ThC4) films (b), respectively. The line-cut-of profiles along the in-plane (IP) and out-of-plane directions (OOP) of fresh and aged D18/BTP-eC9 (c) and w/ dBTP-ThC4 films (d) corresponding to the 2D GIWAXS patterns. The GISAXS curves of fresh and aged D18/BTP-eC9 (e) and w/ dBTP-ThC4 films (f), where the filled and hollow dots represent the data of fresh and aged films, respectively. (g) The statistic of gyration radius (Rg) extracted from the GISAXS curves.

2.6. The Morphology Evolution
[bookmark: _Hlk150762701]We further study the morphology evolution to intuitively describe the role of supramolecular stabilizers during device operation. The grazing incidence wide-angle X-ray scattering (GIWAXS) characterization was performed to study the molecular stacking. As shown in Figure S33 (SI) and Figure 5a, several new peaks located at 0.7/0.9 Å-1 along the out-of-plane (OOP) direction are observed in the aged D18/BTP-eC9 film accompanied by the weakened peak at 1.70 Å-1 (corresponding to the π-π stacking), indicating that the segregation of SMNFAs induced by rapid molecular diffusion and surface crystallization can destroy the favorable crystal orientation. In contrast, no segregation-caused peaks could be observed in the GIWAXS patterns of fresh and aged ternary films incorporating dimer stabilizers (Figure 5b and Figures S33-34, SI). This demonstrates that the employment of dimers could address SMNFA molecular diffusion to facilitate a favorable and well-maintained crystallization orientation. By comparing the crystal coherence length (CCL) of π-π stacking peak (Figures 5c-d, Figure S35 and Table S7, SI), it is confirmed that introducing dimer stabilizers not only enhances the π-π stacking of films, but also inhibits stress-induced morphological changes during aging to maintain efficient charge-transporting pathways. Besides, it is also noted that the D18/BTP-eC9:dBTP-ThC4 film exhibits the longest and unchanged CCL of π-π stacking, as benefited from the reduced component segregation and is critical for maintaining excellent εr and low Nt.
To quantify the variation of phase separation, the grazing incidence small-angle X-ray scattering (GISAXS) technique was adopted to examine the gyration radius (Rg), which reflects the domain size of acceptors.[59] As shown in Figures 5e-f and Figure S36 (SI), the Rg of D18/BTP-eC9 film increases from 18.8 nm (fresh) to 21.3 nm (aged). Meanwhile, the Rgs of fresh and aged ternary films (Figure S37, SI and Figure 5g) show similar values, indicating higher tolerance of morphological stability in ternary films than the binary film to external stresses. Consequently, the negligible difference of Rg (23.1 nm v.s. 23.0 nm) is observed in the fresh and aged the D18/BTP-eC9:dBTP-ThC4 films, which illustrates the enhanced phase stability of the dimer-based active layer. In short, the stable morphology enabled by the dimer stabilizer stems from the retarded molecular diffusion and suppressed surface crystallization, which can further minimize the component segregation to maintain favorable π-π stacking and morphological stability. More importantly, the typical burn-in loss observed in MPPT is greatly eliminated due to the stable morphology associated with the optimal thermal transition properties of dimer stabilizers with moderate flexible linker length, resulting in low Nt in the corresponding devices.

3. Conclusion
[bookmark: _Hlk150762096]Overcoming the meta-stable active layer morphology and maintaining a low-level Nt in the device under external stress are the critical keys to eliminating the burn-in loss of OPVs. To enable a stable morphology, ternary devices based on the dimer stabilizer with optimal flexible linker length (C4) and PMHJ architecture are capable of optimizing their thermal-transition properties to retard molecular diffusion and surface crystallization. This results in the more well-organized and robust molecular distribution, π-π stacking, and phase separation in the OSC blend. Meanwhile, the crystallization- and morphology-regulation effects of dimer stabilizers can also facilitate rapid charge extraction, suppressed charge recombination, efficient charge transport, and low Nt resulting in a high PCE of over 19%. These dimer supramolecular stabilizers enable excellent photovoltaic physical properties that can be maintained well under external stresses, which help eliminate the burn-in loss for maintaining a T98 of 600 h under MPPT. Our investigation provides useful guidelines for the fabrication of burn-in-free OSCs to facilitate their future commercial deployment. 

Methods 
[bookmark: _Hlk150763166]Materials: The D18 was synthesized according to the literature[60]. BTP-eC9 and L8-BO were purchased from the Solarmer Inc. The PEDOT:PSS (PVP Al 4083) and PNDIT-F3N were purchased from Heraeus and eflex PV, respectively. All chemicals and reagents for the synthesis of dimers were purchased from commercial resources and were used without further purification. ThC2-Sn, ThC4-Sn, ThC6-Sn and Compound 4 were synthesized according to the literature.[61] 
[bookmark: _Hlk150763198][bookmark: _Hlk157870456]J-V Characterizations, EQE and Stability Evaluation: The J−V characteristics were performed by the solar simulator (Enlitech SS-F5, Enlitech) along with AM 1.5 G spectra which intensity was calibrated by the certified standard silicon solar cell at 100 mW/cm2. EQE spectra were measured by a Solar Cell Spectral Response Measurement System QE-S (Enlitech, Taiwan) equipped with a standard silicon diode, where the monochromatic light was generated from a Newport 300 W lamp. Dynamic MPPT was examined on an in-situ stability measurement system (CRYSCO, Guangzhou) under the LED lamp with an intensity equaling 1 sun. The chamber of MPPT was placed in the N2-filled glovebox. The film samples for stability-related characterizations were heated at 65 oC in the N2 environment with 1-sun illumination simultaneously for 72 hours. 
[bookmark: _Hlk150763267]Device Characterization: For permittivity, devices were scanned from 105 to 1 Hz with a disturbance AC signal of 20 mV (DC bias = 0 V) in dark conditions by using a CHI660 electrochemical workstation (CH Instrument, Inc.). For Mott-Schottky analysis, the devices were scanned with a DC bias from 1 to -0.2 V in dark condition. The Nt can be calculated by , where A is the device area, C represents the capacitance, ε0 and εr represent the permittivity of free space and relative permittivity, Vbi is the built-in volatage of devices, q is the elementary charge. Transient photocurrent (TPC) and delay-time CELIV were measured on an integrated platform of Paios (Fluxim AG). For delay-time CELIV, a light pulse (100 μs) was applied prior to a voltage ramp of 1 V μs–1 and the sweep ramp rate was 50 V/ms. Transient absorption spectroscopy was conducted with an Ultrafast Systems Helios femtosecond transient absorption spectrometer. 1030 nm laser pulses were generated by a Light Conversion femtosecond laser amplifier, and then split into two beams to generate the pump and probe pulses. For probe, the pulses were focused onto a sapphire and a YAG crystal to generate the visible (500-910 nm) and infrared (1100-1600 nm) continuum, respectively.
[bookmark: _Hlk150763315]Characterization of Thermal Transition: DSC thermograms were examined by Mettler-Toledo-DSC3 analyzer at a heating rate of 10 K min–1. Glass-transition temperature (Tg) of film samples was obtained by extracting the deviation metric (DM) from the temperature-dependent absorption spectra. The DM can be calculated by the equation described as , where IRT(λ) and IT(λ) represent the absorption intensity of as-cast and annealed acceptor films, respectively.
[bookmark: _Hlk150763358][bookmark: _Hlk157544731]Morphology Characterization: The film-depth-dependent light absorption spectra (FLAS) were obtained from Beer–Lambert's law in combination with oxygen plasma etching. During etching, the oxygen plasma pressure was kept below 20 Pa to guarantee surface-selective etching without subsurface damage.[62] The XPS characterization was conducted in a Thermo Fisher ESCALAB XI+ X-Ray Photoelectron Spectrometer. The Grazing Incidence Wide-Angle X-ray Scattering (GIWAXS) measurements were performed at beamline 7.3.3[1] at the Advanced Light Source. Samples were prepared on Si substrates based on the same processing method in device fabrication. The 10 keV X-ray beam was incident at a grazing angle of 0.11°-0.15°, selected to maximize the scattering intensity from the samples. The CCL for π-π stacking was calculated using the equation that CCL = 2πK/W, where π is the circular constant, K is a constant of 0.9 and W is the full width at half maximum of the peak at q = 1.70 Å-1 in the out-of-plane direction. The scattered x-rays were detected using a Dectris Pilatus 2M photon counting detector. The grazing incidence small angle X-ray scattering (GISAXS) measurement was carried out with a Xeuss 2.0 SAXS laboratory beamline using a Cu X-ray source (8.05 keV, 1.54 Å) and a Pilatus3R 300K detector. The incident angle was 0.15°. The samples for GISAXS measurement were directly deposited on the silicon substrates under the same condition as the optimized devices. 
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A reliable dimer supramolecular stabilizer strategy is developed to eliminate the “burn-in” loss of organic solar cells. More mechanism study reveals that the restricted molecular diffusion, robust morphology and low-level trap state density are keys to address the “burn-in” loss, resulting in a long T98 lifetime over 600 hours under the maximun-power-point tracking accompanied by a PCE over 19%. 
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