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Abstract:
[bookmark: _Hlk64455931]The introduction of non-fullerene acceptors (NFA) facilitated the realization of high-efficiency organic solar cells (OSCs); however, OSCs suffer from relatively large losses in open-circuit voltage (VOC) as compared to inorganic or perovskite solar cells. Further enhancement in power conversion efficiency requires an increase in VOC. In this work, we take advantage of the high dipole moment of twisted perylene-diimide (TPDI) to enhance the VOC of OSCs. We fabricated bulk heterojunction solar cells by incorporating TPDI as a non-fullerene acceptor in three polymer donors: PTB7-Th, PM6 and PBDB-T. Strikingly, we observed a VOC enhancement of about 80 meV when combining polyethyleneimine (PEIE) as a cathode interlayer in PM6:TPDI-based BHJ devices. A maximum VOC of 0.96 V was achieved for PM6:TPDI blends, which is among the highest observed open-circuit voltage in perylene diimide-based OSCs. We show that the dipolar interaction, specifically between the TPDI NFA and PEIE – enhanced by the general tendency of TPDI to form J-aggregates – plays a crucial role in reducing non-radiative voltage losses under a constant radiative limit of VOC. This is aided by comparative studies with another NFA-based system. We hypothesize that incorporating NFAs with significant dipole moments is a feasible approach to improve the VOC of OSCs. 
Introduction:
[bookmark: _Hlk60172090]Solution-processed organic solar cells (OSCs) is rapidly emerging technology for semitransparent and building integrated photovoltaic applications.1 Recently introduced non-fullerene acceptors (NFA) have substantially improved the power conversion efficiencies (PCEs).2  The tunable properties of NFAs have garnered much interest in recent times, becoming the center of flourishing research, and their many merits promote higher values of open-circuit voltage (VOC) and short-circuit current density (JSC), which have resulted in high-efficiency OSCs reaching PCEs more than 18% .3–8,9 
Despite the astounding improvement in PCE of OSCs, fundamental loss mechanisms in VOC remain major hurdles to realizing their full potential. Although the current density values (>26 mA/cm2) of OSCs are at par with those of advanced PV technologies such as GaAs, and the fill factors (FF) are approaching 80%, the open-circuit voltage (VOC) values are well below the CT energy (ECT) of the absorber material and remain a bottleneck in achieving >20% PCE.10 In bulk heterojunction (BHJ) OSCs, the VOC is ultimately determined by the electronic bandgap, typically controlled by active layer energetics.11,12 However, total losses such as non-radiative recombination at open-circuit conditions, interfacial energy offset and charge separation should be considered while considering the maximum limit for VOC. 10,12,13
Lately, various strategies have been introduced to improve the VOC of OSCs. Notable differences in VOC have been observed by incorporating polymer electrolyte interlayer with significant dipole moment between the active layer and electrodes. The dipolar nature of polymer electrolyte interlayers (PFN, poly(ethylenimine) ethoxylated (PEIE)) induces a significant interfacial electric dipole moment which enhances the built-in potential, reduces the work function of the electron extraction layer, and promotes charge collection at the interface. Similarly, another successful strategy is to take advantage of molecular dipole moment and strong intermolecular interactions of asymmetric NFAs. These NFAs (ITIC, Y6) simultaneously enhance the JSC, FF and VOC after mixing with suitable polymer donors. 
[bookmark: _Hlk60172107]Among the plethora of NFAs, perylene-diimide (PDI) based acceptors represent one of the most promising class of acceptor materials owing to their high electron mobility, molar extinction coefficient and excellent photostability.14–19 The PDI monomer crystallizes into large domains of crystals with lamellar p-p stacking, which results in phase separation after mixing with polymer donors that inhibit the dissociation of excitons at the interface of BHJs.20 To reduce co-facial packing and phase separation of PDI monomer, which can disrupt optimum intermixing in bulk heterojunction (BHJ) blends with polymer donors, a coaxial dimer of PDI (TPDI) was synthesized by twisting the chemical bond using hydrazine as a linker.21 The disrupted planarity of PDI due to twisting in the PDI backbone disrupts not only the tendency of the TPDI phase to crystallize, which has been shown to benefit the photocurrent in these PDI-based OSCs but also shows an increased extinction coefficient than the PDI monomer with minimal shift in absorption owing to its twisted nature.21–23,24 In addition, studies have shown that TPDI exhibits canonical J-like aggregate behavior with a significant gain in oscillator strength for higher excitonic states, longer exciton diffusion length, and stronger CT-coupling depending on the mutual packing arrangement.25 The head-to-tail arrangement of the J-aggregates helps orient the molecular dipole vectors synchronously, resulting in more prominent dipole moments for the aggregates.
Herein, we report an in-depth investigation of TPDI aggregates on the benefit to VOC of OSCs. We find that the TPDI-based BHJ solar cells exhibit high VOC when PEIE is used to surface-modify the electron transport layer (ETL). To validate the generality of this concept, blends of TPDI with suitable polymer donors (PTB7-Th, PM6 and PBDB-T) and PEIE are deposited on zinc oxide (ZnO) ETL. Intensity-dependent J-V characteristics of these BHJ OSCs suggested that the trap-assisted or Shockley-Read-Hall (SRH) recombination gets suppressed upon the incorporation of PEIE, which consequently improves the VOC in all the blends. Notably, we report a VOC of 0.96 V for the PM6:TPDI system when incorporated with PEIE at the ETL. Impedance spectroscopic studies suggested reduced charge transport resistance in devices with PEIE-modified ETL, which further supports our observation of enhanced device performances compared to the ones without PEIE. Surface photovoltage measurements indicated that PEIE modifies the work function of the ZnO transport layer, thereby allowing for a higher effective bandgap of the solar cell and an increase in VOC. The PEIE-modified ETL was also investigated in a reference blend of PM6:Y6 in addition to the blends of TPDI for systematic validation of TPDI’s contribution to the VOC. Interestingly, VOC remained unchanged upon the incorporation of PEIE in PM6:Y6 devices.  Voltage loss analysis on all devices reveals that non-radiative voltage losses are reduced in PEIE-incorporated TPDI-based devices but not in PM6:Y6. This comparative study of device characteristics by changing the NFA suggested that the dipolar interaction between the interfacial layer and the TPDI NFA plays a key role in the VOC enhancement.

Results and Discussion: 
[image: ]
Figure 1. (a) Molecular structures and (b) energy level diagram of the three polymer donors and TPDI.
TPDI is studied as a common NFA in binary blends with three established polymer donors (D): PTB7-Th, PM6 and PBDB-T (molecular structures in Figure 1a). The energy levels of each neat material are shown in Figure 1b. TPDI exhibits a deeper-lying highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) energy compared to the three polymer materials, which would facilitate the effective dissociation of photogenerated excitons. PM6 would form a larger effective bandgap with TPDI, among the polymer donors of choice, due to its higher ionization potential. This, indeed, shows to be the case as the PM6:TPDI blends exhibit a higher VOC than their counterparts using PTB7-Th or PBDB-T, as will be discussed in later sections.10,12,13,26–30 
The absorption spectra of each of the neat polymer donors and the TPDI are shown in Figure 2(a-c). The spectral signature of TPDI is hypsochromically shifted compared to those of each of the polymer donors indicating the complementary nature of TPDI to absorb more photon flux in the UV-visible region. The combination of TPDI with each polymer donor allows the resulting blends to harvest incident wavelengths across the visible range and till the near-infrared region with PTB7-Th. This would result in higher photocurrent and external quantum efficiency (EQE) in PTB7-Th:TPDI devices compared to the other blends. Photoluminescence (PL) spectra of the blends exhibit near quantitative quenching of the donor PL intensities, indicating the presence of interfacial charge transfer states through which non-radiative charge carrier loss can occur.13,31 The quenching of PL of the blend suggests intricate mixing of the donor and acceptor molecules in bulk heterojunction films, allowing efficient exciton dissociation, also observed in atomic force microscopy images (Figure S1 in SI). Moreover, the favourable morphology of TPDI – compared to fullerene counterparts by virtue of its twisted structure, suggests that efficient exciton dissociation at the interface can lead to a higher photocurrent.32 This is observed in the blends used in this study, with PM6:TPDI-based devices exhibiting lower JSC, see Figure 3 and Table 1, than the other donor-based blends with higher PL quenching.
[bookmark: _Hlk60214660][image: ]Figure 2. (a-c) Normalized absorbance and (d-f) intensity of photoluminescence for neat donor and acceptor (shaded regions), and that of the blend film in the optimized D:A mixing ratio (solid circled line).
Solar cells were fabricated using a TPDI acceptor with each of the three donors in the inverted device architecture with ZnO and molybdenum oxide as the electron and hole transport layers, respectively. Device characteristics are studied with and without the PEIE interlayer on ZnO. TPDI performs well in these devices and yields a maximum PCE of 5.9% with the incorporation of PEIE in PM6:TPDI-based OSCs. Although the incorporation of PEIE in the devices does not significantly alter the JSC or the FF, we observe a significant improvement in the VOC, as high as 960 mV in the case of PM6:TPDI devices, as shown in Table 1, which is substantially large VOC for organic solar cells.9,33–36 The relatively high VOC for PM6-based devices can be correlated to the larger effective bandgap that this polymer forms with the TPDI acceptor.12 The increase in photovoltage across all devices using multiple donors with TPDI acceptor shows the importance of interface engineering on OSC performance and its impact on the VOC.37–39 The J-V characteristics for each donor in combination with TPDI are shown in Figures 3a and 3b. The EQEPV spectra of the three blends without (Figure 3c) and with (Figure 3d) PEIE interlayer depict the active layer components' contribution towards photocurrent generation. All the devices' integrated photocurrents from the EQEPV were within 5% of the JSC obtained from J-V characteristics. 

[image: ]
Figure 3. (top panel) Current-voltage (J-V) characteristics for novel binary blend OSCs using TPDI acceptor with different polymer donors in inverted geometry. In each donor system, the performance is compared for devices (a) without and (b) with the polyelectrolyte interlayer on ZnO. (bottom panel) EQEPV spectra of the corresponding optimal blend ratios for each D:TPDI systems (c) without and (d) with a PEIE-modified ZnO ETL.
Table 1. Photovoltaic metrics on the solar cell performance for different D:TPDI binary blends. The average data indicated in parenthesis is for over 30 devices.
	BHJ
	ETL
	VOC (V)
	JSC (mA/cm2)
	FF (%)
	PCE (%)

	PTB7-Th:TPDI
	ZnO
	0.74 (0.74±0.007)
	12.86 (12.69±0.31)
	47.59 (45.58±1.91)
	4.52 
(4.29±0.21)

	
	ZnO/PEIE
	0.76 (0.76±0.006)
	13.56 (12.55±0.53)
	48.82 (48.22±0.79)
	5.06 
(4.59±0.25)

	PM6:TPDI
	ZnO
	0.89 (0.89±0.009)
	9.06 
(8.90±0.30)
	63.50 (62.00±1.49)
	5.09 
(4.93±0.12)

	
	ZnO/PEIE
	0.96 (0.95±0.007)
	9.26 
(9.03±0.30)
	66.23 (64.18±1.47)
	5.90 
(5.51±0.31)

	PBDB-T:TPDI
	ZnO
	0.81 (0.78±0.038)
	10.84 (10.13±0.60)
	62.98 (59.90±4.18)
	5.51 
(4.74±0.52)

	
	ZnO/PEIE
	0.84 (0.84±0.004)
	10.51 
(9.97±0.95)
	66.12 (63.00±4.71)
	5.85 
(5.26±0.58)



[bookmark: _Hlk92276298]The correlation between photocurrent and effective voltage Veff is used to calculate the maximum generation rate of excitons GMAX and the probability of exciton dissociation P(E,T) (see SI). As shown in Figure S2 and Table S1, the deposition of PEIE on ZnO plays a minimal role in either GMAX or P(E,T).  However, the VOC increases nonetheless, suggesting that photovoltage enhancement could be via an interfacial interaction rather than a bulk phenomenon.13 
We investigated the incident light intensity dependence of VOC and JSC to gain insight into different recombination mechanisms in the solar cells with and without the PEIE interlayer. The diode ideality factor (n) of solar cells is a reliable means to study the origins of charge carrier recombination that impact the device performance (see SI for details). 40–42 The results are shown in Figure S3 in the SI. For ZnO-only ETL devices, charge carriers undergo a mixture of monomolecular and bimolecular recombination, as indicated by ideality factors between unity and two42, with PBDB-T devices showing a dominant bimolecular recombination tendency. Upon introducing PEIE interlayer, the ideality factors for PTB7-Th and PM6-based devices were closer to unity, suggesting a reduced contribution from trap-assisted recombination compared to ZnO-only ETL devices. For the PBDB-T-based OSCs, the n value of 1.89 suggests a dominant contribution from trap-assisted recombination. We interpret the reduced values of the ideality factor for PEIE-modified devices as an interfacial origin of increased VOC.
Probing the role of the ZnO/PEIE interface:
To probe the impact of PEIE-modified ZnO on device VOC value, we applied transient optoelectronic techniques – charge extraction (CE) and transient photovoltage (TPV) to study the effective electronic bandgap and recombination kinetics of device with and without PEIE modification. Figure 4a shows the charge carrier density extracted to achieve certain VOC conditions of PTB7-Th:TPDI blends. In the case of Ohmic contacts and complete extraction, the VOC is approximated to be the quasi-Fermi level splitting in bulk upon light generation. In Figure 4a, the PEIE-modified device shows an open-circuit voltage increase of 40 meV at the charge carrier density of 1  1016 cm-3. Such a voltage increase for matched accumulation of charge carrier density can be attributed to either active layer energetics or suppression of surface recombination losses associated (such recombination losses can cause a reduction in Fermi level splitting).43 The recombination kinetics data shown in Figure 4b suggests a circa two-fold acceleration of recombination kinetics of the PEIE-modified device, leading to a 10 meV voltage loss for the same charge carrier density of 1  1016 cm-3.43 
[image: ]
Figure 4: (a) Charge carrier density as a function of VOC, measured from CE at open circuit conditions. (b) Measured charge carrier lifetime as a function of charge carrier density as measured from TPV at equivalent open circuit condition of (a). (c) Measured work function of ITO, ITO/ZnO and ITO/ZnO/PEIE in the dark. (d) Surface photovoltage of ITO/ZnO and ITO/ZnO/PEIE upon white light excitation. The plot shows the changes in contact potential difference (CPD) between a conductive probe tip and the sample surface with respect to the initial dark condition.
Given the energetic shift of 40 meV and the recombination loss of 10 meV, the total voltage gain is around 30 meV from the transient optoelectronic measurements, in agreement with solar cell J-V characteristics. Together, these observations of energetic shift and faster recombination indicate PEIE suppressing interfacial recombination losses. To further understand the effect of PEIE modification, the work function is measured by the Kelvin probe method. The photovoltage is applied to the electron transport layer, monitoring the changes in probe-sample contact potential difference (CPD) upon illumination. It is observed that the PEIE shifts the work function of ZnO up to 200 meV as seen in Figure 4c. The increased Fermi energy difference between the cathode and the surface-modified ZnO is mirrored in the larger SPV response under white light (Figure 4d). When the ITO/ZnO samples with and without PEIE treatment are illuminated, the negative change in CPD – due to electron extraction to ITO and hole accumulation on the surface – is 100 meV larger than PEIE. Since SPV magnitude directly correlates with the expected quasi-Fermi level splitting in devices, this indicates the beneficial effect on VOC expected from ZnO work function reduction by PEIE.44 It is also noted that the light-off signal turns off fast in PEIE modified sample, consistent with the reduced trap-assisted recombination (Figure S3a,b). In summary, for the PEIE-modified device, the VOC increase is primarily associated with a reduced energy barrier between the electron transport layer and electron acceptor TPDI, which allows a larger effective electronic bandgap of the device. 
Probing the role of PEIE on charge transport:
To investigate the PEIE interlayer's impact on the internal resistance of the devices, we performed electronic impedance spectroscopy (EIS).45 Figure 5 (a, b and c) represent the Nyquist plots of the binary blend devices comprising PTB7-Th, PBDB-T and PM6 with TPDI, respectively, with and without PEIE interlayer where the sweeping frequency is increasing toward the origin. The obtained semicircles are fitted with equivalent circuits shown in the inset of the figures. Equivalent circuits consist of series resistance (Rs) and parallelly connected R1, CPE1, R2, and CPE2. Values of all the fitted parameters are calculated and shown in Table S2, SI. The complex impedance plots of the devices exhibit a tight semicircle, a classical behavior of OSCs. Impedance spectra are composed of a large semicircle in the low-frequency region and a smaller semicircle in the high-frequency region in some cases, and for other cases, a smaller semicircle in the high-frequency region, diminished after introducing PEIE interlayer. A smaller semicircle in the high-frequency region represents the contribution from the interface. A larger semicircle in the low-frequency region represents the contribution from the bulk of the active layer.46
[image: ]
Figure 5. Nyquist plot of (a) PTB7-Th:TPDI, (b) PBDB-T:TPDI, (c) PM6:TPDI, without and with PEIE under room temperature and dark conditions where R1 is series resistance and R2, R3 are charge transport resistance from bulk and interfaces respectively.
Series resistances (RS) in the measurements arise due to Ohmic contact. R1 and R2 are charge transport resistance components forming a parallel circuit with constant phase elements CPE1 and CPE2, where CPE1 and CPE2 arise due to the depression of semicircles. If n1 is close to 1, it shows pure capacitance, and if close to 0, it represents the pure resistance of the layer. In all three blends, it is observed that CPE values are not affected after adding PEIE as an interlayer.
Further, a large semicircle is shown in the low-frequency region where the R1 value of the semicircles decreased after adding PEIE as an interlayer suggesting the reduction in charge transport resistance of the active layer, which could be due to the modified work function of ZnO/PEIE layer and its favorable alignment with the energy levels of TPDI. Further, in the high-frequency region, a small semicircle arises in the case of PBDB-T:TPDI and PM6:TPDI devices, which is attributed to the suppressed charge transport resistance (R2) upon incorporating the PEIE interlayer. The decrease in charge transport resistance supports our observation of decreased work function of ZnO/PEIE and high VOC from PEIE-incorporated devices.
Verifying the role of PEIE-TPDI interaction:
To study whether the benefits of PEIE-modified ETL extend to other material systems, we fabricated devices using the PM6:Y6 NFA-based system and compared the device performance with and without PEIE on ZnO. This D:A combination is a prudent choice because not only is the polymer donor a common denominator, but the LUMO of Y6 (-4.1 eV) is coincidentally the same as TPDI. This allows for a more systematic comparison between the effects of PEIE in each of these NFA-based systems. Interestingly, the observed VOC from the PM6:Y6 OSCs with and without PEIE were nearly the same, with only a marginal improvement to the FF (Table S3, SI). The corresponding J-V characteristics are compared in Figure S4, SI. In addition, sensitive EQEPV measurements were performed on TPDI-based bulk heterojunctions and PM6:Y6 to ascertain the extent of change in interfacial energetics and quantify the radiative ΔVR and non-radiative ΔVNR voltage losses in each of these devices. The sensitive EQEPV plots are shown in Figure 6. The energy of the interfacial charge transfer (ECT) is obtained via a Gaussian fit of the subgap absorption tail in the EQEPV spectrum.12 
We observe no change in the energy of the interfacial charge-transfer (CT) state upon modifying the ZnO ETL with PEIE for all tested devices, see Table 2. The radiative limit of VOC is calculated in the approach of Vandewal et al., from which we calculate ΔVR and ΔVNR, see SI for further details.12,29,47–49 In TPDI-based bulk and planar heterojunction devices, we show that the radiative limit of VOC and ΔVR remain unaffected by the PEIE interlayer while ΔVNR reduces significantly. Interestingly, there is no change in any recombination losses in PM6:Y6. This suggests that the VOC enhancement originates from TPDI molecules in contact with the PEIE interlayer. To further verify this, we also performed sensitive EQEPV measurements on bilayer PM6:TPDI inverted devices, where the complete PEIE interface can interact with the TPDI NFA layer. The PV parameters for PM6:TPDI bilayer devices can be found in SI Table S4 and Figure S5, in which we see an enhancement in the VOC. Expectedly, the voltage loss analysis showed that ΔVNR diminishes in bilayer devices while the radiative limit of VOC does not change. The reduced ΔVNR in all tested devices except for PM6:Y6 points to a surface [image: ]interaction between the TPDI NFA and PEIE as being responsible for the observed enhancement in VOC.
Figure 6. Sensitive EQEPV plots for all D: TPDI, PM6:Y6 and PM6/TPDI bilayer devices show a negligible change in the sub-gap absorption.
TPDI has a higher dipole moment (1.45 D) than Y6 (0.25D), and this strong dipole moment is further enhanced by the general tendency of TPDI molecules to form J-aggregates.25,32,50 Hence, we argue that it is the dipolar interaction between TPDI and PEIE combined with a decreased work function of ZnO/PEIE, which in turn modifies the quasi-Fermi level splitting and thereby improves the VOC 51,52. The formation of J-aggregates also improves the oscillator strength and thereby positively impacts the light absorption by the TPDI dimer.53 Moreover, the enhanced dipolar property of the axially oriented TPDI molecules improves its interaction with PEIE. The extent of the increase in VOC will depend on the orientation of TPDI dipoles, which will be dictated by the bulk morphology it adapts with the donor material. Further studies are ongoing to devise a general strategy for a quantitative estimate of enhancement in VOC for different blends.
Table 2. Data from sensitive EQEPV measurements comparing the effects of a PEIE-modified ETL on the voltage losses for different D:TPDI devices, PM6:TPDI bilayer devices, and PM6:Y6. The presence of PEIE improves VOC by reducing only the non-radiative voltage loss component under a constant ECT.  
	Active layer
	ETL
	ECT (eV)
	VOC (V)
	ΔVR (V)
	ΔVNR  (V)

	PTB7-Th:TPDI
	ZnO
	1.33
	0.74
	0.18
	0.41

	
	ZnO/PEIE
	1.33
	0.76
	0.17
	0.39

	PM6:TPDI
	ZnO
	1.48
	0.89
	0.19
	0.41

	
	ZnO/PEIE
	1.48
	0.96
	0.19
	0.33

	PBDB-T:TPDI
	ZnO
	1.39
	0.81
	0.19
	0.39

	
	ZnO/PEIE
	1.39
	0.84
	0.19
	0.35

	PM6:Y6
	ZnO
	1.41
	0.83
	0.31
	0.28

	
	ZnO/PEIE
	1.41
	0.82
	0.31
	0.28

	PM6/TPDI bilayer
	ZnO
	1.48
	0.83
	0.20
	0.45

	
	ZnO/PEIE
	1.48
	0.93
	0.20
	0.35



Conclusion:
A detailed investigation of the effect of the PEIE interlayer on the photovoltaic performance of three new binary blend OSCs is presented. Interfacial modification is proven to be an effective method to improve the VOC of NFA-based OSCs. Notably, VOC of 0.96 V is achieved for the PM6:TPDI blend, which is encouraging considering the wide usage of PM6 as a donor material in high-performing OSCs. This could be extended to tandem photovoltaics, wherein the increase in VOC directly translates into improved device performance. The origin of the VOC improvement was the cumulative effect of the decreased work function leading to favorable alignment with the acceptor LUMO levels and the interaction between the TPDI and PEIE dipoles. The transient CE measurement suggested improved charge extraction upon incorporating PEIE as a cathode interfacial layer. Charge transport resistance is also decreased for OSCs with ZnO/PEIE as ETL, which helped in better charge extraction and enhanced device performances. Voltage loss analysis shows that the surface interaction between the TPDI and PEIE decreases non-radiative losses in PEIE-modified PM6:Y6 devices. However, this is not the case for PM6:Y6. The interaction between TPDI and PEIE shows that the dipolar property of NFA can be explored to enhance the VOC of OSC. The NFAs with a tendency to form J-aggregates will be interesting to explore by monitoring their interaction with the ETL. A comprehensive understanding of the dipolar interaction between the interfacial layer and active layer components is underway which will prompt new design strategies.
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