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Abstract
Non-fullerene acceptors (NFAs) have recently outperformed their fullerene counterparts in binary bulk-heterojunction (BHJ) organic solar cells (OSCs). Further development of NFA OSCs may benefit other novel OSC device structures that alter or extend the standard BHJ concept. Here, we report such a new processing route that forms a BHJ-like morphology between sequentially processed polymer donor and NFA with high power conversion efficiencies in excess of 10%. Both devices show similar charge generation and recombination behaviours, supporting formation of similar BHJ active layers. We correlate the ~30 meV smaller open-circuit voltage in sq-BHJ devices to more substantial non-radiative recombination by voltage loss analysis. We also determine the exciton diffusion length of benchmark polymer PBDB-T to be 10 ± 3 nm. Our results demonstrate high-efficiency OSC devices using sequential deposition method and provide new opportunities to further improve performance of state-of-the-art OSCs.
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Introduction
Organic solar cells (OSCs) retain their flexibility and processability over large areas at relatively low cost, and have clear potential for assimilation into emerging technologies, such as building-integrated photovoltaics and wearable electronics.1,2 The active layers of OSCs typically incorporate a heterojunction between electron donor (D) and electron acceptor (A) organic semiconductors to facilitate efficient photocurrent generation. This concept, first introduced by Tang in 1986 using a planar heterojunction (PHJ) active layer architecture,3 was modified in 1995 toward bulk-heterojunction (BHJ) layers that overcome clear limitations of the PHJ approach. Specifically, the mismatch between absorption depth and D:A interfacial area in a PHJ device results in a low efficiency for harvesting photogenerated excitons. By forcing a phase separation length scale between D and A that is commensurate with the exciton diffusion length (10-20 nm), BHJs enable much higher quantum efficiencies and overall power conversion efficiencies (PCEs).4,5 Since the introduction of the BHJ concept, morphological control of BHJs (e.g. D:A ratio, active layer processing conditions) has remained a key factor in the development of high-efficiency OSCs6–12, despite the fact that a detailed mechanistic understanding of it remains under-developed.13–16 
As an alternative to co-depositing D and A semiconductors to form a BHJ, a two-step solution deposition process can be used, wherein the electron acceptor layer (usually based on a fullerene derivative small molecule) is deposited onto the electron donor layer (usually a polymer). This structure, termed a sequentially deposited BHJ (sq-BHJ), has been used in fullerene-based OSCs, sometimes yielding quantum efficiencies comparable to an as-cast BHJ (c-BHJ) based on D:A co-deposition.17–30 For example, the state-of-the-art sq-BHJ OSCs based on poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,5-b']dithiophene-2,6-diyl-alt-(4-(2-ethylhexyl)-3-fluorothieno[3,4-b]thiophene-)-2-carboxylate-2-6-diyl)] (PTB7-Th) and [6,6]-Phenyl-C71-butyric acid methyl ester (PC71BM) show maximum PCEs of 8.6%.17 Compared to the c-BHJ approach, sq-BHJ OSCs potentially offer several advantages from the perspective of device fabrication, namely: (i) individual layer properties such as thickness and crystallinity can be independently controlled, thereby simplifying BHJ morphology optimisation. (ii) As a consequence of (i), OSCs can be fabricated with high reproducibility. (iii) The morphology of a sq-BHJ layer might be closer to thermal equilibrium and therefore more stable under conventional OSC operating temperatures. 
With fullerene-based semiconductors remaining the archetypal electron acceptor for OSCs, the recent fast advancement of high-performance non-fullerene acceptors (NFAs) has motivated a careful evaluation of the future direction of OSC research.31–35 Beginning in 2015, the PCEs of champion NFA-based single-junction OSCs have been higher than those fabricated using fullerenes, and now stands at an impressive 14%.36–45 Following this progress, the performance of OSCs based on other types of active layer architectures, such as ternary-blend OSCs46–49, tandem-junction OSCs50–53 and semitransparent OSCs54–56, have all benefited from substitution of a fullerene-based electron acceptor for a NFA. 
In this contribution, we report an efficient sq-BHJ device using poly[(2,6-(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)-benzo[1,2-b:4,5-b’]dithiophene))-alt-(5,5-(1’,3’-di-2-thienyl-5’,7’-bis(2-ethylhexyl)benzo[1’,2’-c:4’,5’-c’]dithiophene-4,8-dione)] (PBDB-T) as the donor and NCBDT as the acceptor. Optimised sq-BHJ layers are prepared using dichloromethane (DCM) as the solvent for NFA without post-treatments or solvent additives. The resultant OSCs show >10% PCE, comparable to that achieved by OSCs based on as-cast BHJ layers. This efficiency is one of the highest reported for sq-BHJ OSCs. As PBDB-T remains a benchmark polymer for NFA OSCs, we also determined its exciton diffusion length to be 10 ± 3 nm from external quantum efficiency (EQE) measurements. To understand the performance of both sq-BHJ and c-BHJ OSCs we characterise the factors governing voltage loss using stead-state and time-resolved optical and electrical measurements. 


Results and Discussion
[image: C:\Users\Jiangbin ZHANG\Dropbox (Cambridge University)\PhD Projects of Jiangbin\PaperWriting\Paper_Bilayer_2017\Figures\Figure 1 Materials & Abs\Figure 1_s1+.png]
Figure 1. (a) Chemical structures of PBDB-T (donor), NCBDT (acceptor) and PDINO (electron-transport layer). (b) Device structures where the photoactive layer is based on a c-BHJ or sq-BHJ architecture. (c) Absorption spectra of pristine PBDB-T and NCBDT films. 
OPV materials and devices. Fig. 1a presents the chemical structures of the electron donor (PBDB-T), electron acceptor (NCBDT) and electron transport layer (PDINO, perylene diimide functionalized with amino N-oxide). PBDB-T is widely used as a benchmark electron donor for blending with emerging electron acceptors.57 The central electron-donating BDT unit has also featured in many ladder-type NFAs58, such as NCBDT in this study. 59 The device structure in this study, shown in Fig. 1b, is ITO/PEDOT:PSS (poly(3,4-ethylenedioxythiophene) polystyrene sulfonate), ~30 nm)/active layer/PDINO (~5 nm)/Al (100 nm). For the sq-BHJ film, the donor layer was deposited from solution in chloroform, and the upper acceptor layer was cast from DCM solution. For the bulk-BHJ devices, the donor and acceptor mixed layer was deposited from chloroform. PDINO was then spin-coated from methanol solution on the active layers, followed with an evaporated Al layer. To simplify device fabrication, we do not subject either active layer architecture to any post-film deposition annealing. As shown in our previous study, the peak optical absorption of NCBDT shifts from ~730 nm in dilute solution to ~760 nm in an as-cast film, suggesting ordered molecular packing in the solid state.59 Fig. 1c shows the complementary absorption of the pristine materials across the visible and near-IR region together with the absorption spectra of c-BHJ and sq-BHJ blends.
Table 1. Characteristics of the c-BHJ and sq-BHJ devices.
	Active layer layout
	VOC (V)
	JSC
 (mA cm-2)
	FF
	PCE (%)
	JSC (EQE)
(mA cm-2)
	Hole mobility
[bookmark: OLE_LINK13][bookmark: OLE_LINK14][bookmark: OLE_LINK15](×10-4 m2 V–1 s–1)
	Electron mobility
(×10-4 m2 V–1 s–1)

	c-BHJ
	0.847
(0.842±0.003)
	18.64
(18.32±0.20)
	64.6
(63.5±0.5)
	10.19
(10.05±0.12)
	18.65
	1.28
(1.21±0.04)
	1.18
(1.09±0.05)

	sq-BHJ
	0.824
(0.820±0.003)
	19.45
(19.14±0.15)
	62.9
(61.8±0.6)
	10.04 (9.70±0.24)
	19.30
	0.88
(0.81±0.05)
	0.92
(0.85±0.07)
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Figure 2. (a) Current-density voltage measurements under one-sun illumination. Inset: the distribution of PCE in 20 sq-BHJ devices. (b) Spectral dependence of the EQE. (c) Device efficiency change over 3 weeks under nitrogen atmosphere. 
Solar cell performance. C-BHJ OSCs with an active layer thickness of 100 ± 5 nm show a PCE of ~10%, reproducing the results from our previous study.59 Optimisation of the sq-BHJ OSCs considered the following processing variables: PBDB-T and NCBDT solution concentration, film deposition spin-speed, and casting solvent, the outcomes of which are tabulated in Table S1-3. From this exercise, devices with PCE of ~10% were also obtained. We note that during the preparation of manuscript, Hou et al., reported devices with ~13% PCE using this processing method.60 Here, the nominal thicknesses of the donor and acceptor layer were 45 ± 5 and 50 ± 5 nm, respectively, and the total active layer thickness was 90 ± 5 nm. Data presented in Figure 2 shows the overall photovoltaic behaviour for both c-BHJ and sq-BHJ OSCs with related performance metrics summarized in Table 1. Compared with the c-BHJ OSCs, sq-BHJ OSCs have larger short-circuit current density (JSC) up to 19.45 mA cm-2, which likely results from optimised vertical stratification.20 The larger open-circuit voltage (VOC) of the c-BHJ OSCs has previously been observed in a polymer:fullerene OSC, but the origin of this difference was not investigated in detail.23 The fill factor (FF) for the sq-BHJ OSCs, was found to be relatively more sensitive to the thicknesses of the donor and acceptor layers (Table S2-3), which may reflect a greater imbalance between electron and hole mobilities, and/or enhanced bimolecular recombination (BR). We measured the dark current density-voltage behaviour of single carrier devices in the space-charge limited current regime to determine respective charge carrier mobilities (Figure S1). From this experiment, the electron and hole mobilities were found to be smaller in the sq-BHJ devices than those in c-BHJ devices, consistent with the FF values found for the corresponding OSCs. Fullerene-based OSCs are not photo-stable mainly due to sensitivity of fullerene to environment. Sq-BHJ devices often show an improved stability over c-BHJ devices in fullerene-based OSCs. The efficiency increase in NFA OSCs also accompanies its improved device in c-BHJ devices probably due to elimination of fullerene derivatives. In such scenario, the device stability of NFA-based sq-BHJ devices is not reported yet. Fig. 2c shows that sq-BHJ devices preserve 65% of its original efficiency after 3 weeks while c-BHJ devices maintain 72%. The other photovoltaic parameters are shown in Figure S2 and the full dataset is included in Table S4. We find that the efficiency drop is mainly due to decreased JSC while VOC and FF degraded similarly. The inferior stability of sq-BHJ devices might be due to its not thermally stabilized interfacial morphology, and or trap states at the interface.
Charge generation and recombination characterised with steady-state techniques. Fig. 2b shows the EQE spectra for both OSC types. Between 450 and 800 nm, the EQE for the sq-BHJ OSC is higher and more uniform than that for the c-BHJ OSC, which contains a clear local minimum around 500 nm. This dip in EQE may be due to lower absorption efficiency of the c-BHJ layer and/or suboptimal optical management of the device stack. We note, however, that the sq-BHJ layer is more likely to exhibit vertical heterogeneity, and the photocurrent generation efficiency could therefore exhibit a greater dependence on position within the OSC stack.61 This optical management factor can be understood by substantially increasing the PBDB-T layer thickness. Data presented in Figure S3 shows that the EQE at long wavelengths (>600 nm) becomes lower as a result. Alongside improved semiconductor design, future device optimisation should carefully consider the distribution of materials within a sq-BHJ layer in order to accurately predict the device structure which enables maximal EQE.20 We also measured the dependence of photocurrent density on effective bias (Veff, defined as the applied bias minus the built-in voltage of the OSC) and light-intensity dependence of JSC and VOC. Each of these measurements does not show significant differences between these device types (Figure S4-5), supporting the notion of similar charge generation and recombination in both OSCs. 
Table 2. Determination of non-radiative and radiative energy loss in c-BHJ and sq-BHJ devices.
	Active layer layout
	Egap
(±0.01)
	qVOC
[bookmark: OLE_LINK8][bookmark: OLE_LINK9][bookmark: OLE_LINK10](±0.005)
	
	=

	=

	=

	EQEEL (exp.)1
	(V)

	c-BHJ
	1.54
	0.847
	0.693
	0.282
	0.038
	0.373
	9.1×10-7
	0.347

	sq-BHJ
	1.54
	0.824
	0.716
	0.281
	0.033
	0.402
	2.2×10-7
	0.383


1 The EQEEL was determined at the injection current of 155 mA cm-2. In the table,  is the element charge, is the voltage loss, Egap is the lower bandgap of D or A,  is the maximal voltage by the Shockley-Queisser limit,  is the open-circuit voltage when there is only radiative recombination. EQEEL is the radiative quantum efficiency of the solar cell when charge carriers are injected into the device in the dark.  is the voltage loss calculated from EQEEL.
Characterisation of energy loss. Within the literature, state-of-the-art NFA-based OSCs exhibit a much lower voltage loss compared to state-of-the-art fullerene-based OSCs, overcoming the traditionally severe trade-off between high JSC and high VOC. This is primarily due to their high charge generation efficiency despite the minimal driving force for exciton dissociation, in addition to their much improved electroluminescence (EL) efficiency. These characteristics motivate us to reflect on the larger VOC (by ~23 meV) of the c-BHJ OSCs compared to the sq-BHJ OSCs, and to characterize the detailed energy losses in both devices. As discussed by Nelson62 and Yan63, energy loss can be separated into three categories: 1) , mainly radiative recombination due to the absorption above the bandgap; 2) , due to additional radiative recombination from the absorption below the bandgap; 3)  from the non-radiative recombination. The bandgap of NCBDT is ~1.54 eV, determined by the cross point of the absorption and emission spectra (Figure S6).32 With the same material combination and similar EQE in both structures, there is only a small difference in the energy loss from (1 meV) and  (5 meV) as determined by EQE spectra. Thus, the dominant loss channel should be non-radiative recombination, estimated to be ~29 meV. This parameter is fundamentally connected with the EL efficiency. We directly measured  by recording the EL intensity from both OSCs under forward bias conditions (Figure S7). The ratio of EL (Table 2) efficiencies corresponds to a voltage difference of ~36 meV, which is comparable with the predicted  of ~29 meV. This is also reflected by the measured dark current density-voltage behaviour, which inversely correlates with EL efficiency (Figure S8).
For poly(3-hexylthiophene-2,5-diyl) (P3HT):[6,6]-phenyl-C61-butyric acid methyl ester (PC61BM) OSCs reported elsewhere, an identical VOC was obtained using sq-BHJ and c-BHJ active layers (with thermal annealing treatment).27 However, polymer:fullerene OSCs utilising poly[N-9'-heptadecanyl-2,7-carbazole-alt-5,5-(4',7'-di-2-thienyl-2',1',3'-benzothiadiazole)] (PCDTBT) demonstrated a higher VOC in sq-BHJ devices.26 Thus the voltage output depends on material combination and post-treatment, both of which strongly influence the D:A interfacial morphology. In our work, VOC in the sq-BHJ OSCs studied here is smaller than that in the c-BHJ devices, which can be explained by higher non-radiative recombination.
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Figure 3. Morphological characterisation of PBDB-T and PBDB-T:NCBDT blend films. (a) AFM images showing the surface nanostructure of pristine PBDB-T layer, and a PBDB-T:NCBDT sq-BHJ before and after NCBDT removal. Here the NFA was washed from the sample using DIM solvent (b) Absorption spectra corresponding to samples in (a). (c) Measured and simulated neutron reflectivity data of a sq-BHJ film, with simulated data considering either a homogeneous PBDB-T:NCBDT blend layer or strict PBDB-T:NCBDT bilayer. 
Morphological characterisation. To realise efficient sq-BHJ OSCs, a processing solvent with partial solubility for the bottom layer and good solubility for the top layer is required. Dichloromethane (DCM) meets these criteria as it only partially dissolves PBDB-T, in contrast to tetrahydrofuran (THF) which washes away the polymer layer entirely (Figure S9). This contrasts with the results of Kim et al. on PTB7 films, where it was found that DCM washed away 90% of material, mostly likely regions of relatively low molecular weight and high disorder.21 Scanning probe microscopy images in Fig. 3a show the evolution of the PBDB-T film surface structure during these processing steps. Following diiodomethane (DIM) washing, NCBDT is successfully removed as inferred from UV-Vis measurements (Fig. 3b). The reduction in PBDB-T absorption results from the process of NCBDT deposition and its exposure to DCM solvent as DIM is an orthogonal solvent to PBDB-T (Figure S10). We note that DIM is toxic and reactive and should not be used for device fabrication. The resultant increase in PBDB-T surface roughness (to 1.70 nm) indicates that polymer reorganisation can take place during second layer deposition, which likely encourages intermixing between PBDB-T and NCBDT. Data obtained using neutron reflectivity (Fig. 3c and Figure S11) is fitted to a model that implies uniform mixing of sq-BHJ film rather than a strict bilayer structure. However, as the small difference in scattering length densities between PBDB-T and NCBDT (~0.2×10-6 Å-2) places a relatively large uncertainty on any model output, we are not able to determine the gradient in NCBDT distribution using this data. More advanced characterization techniques are required to precisely image the vertical heterogeneity of the BHJ active layer.  
[image: C:\Jiangbin Zhang\Dropbox\Dropbox (Cambridge University)\PhD Projects of Jiangbin\PaperWriting\Paper_Bilayer_2017\Figures\Figure 2 Device & Energetics\Figure 2_s2.png]
Figure 4. (a) EL and EQE profile for determination of bandgap of possible interfacial states. (b) Left: the energy level of the optical bandgap and possible charge-transfer (CT) states (1.54 eV) with a device VOC around 0.82-0.85 V and recombination energy loss of ~0.70 eV; Right: highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) energy levels of PBDB-T and NCBDT. 
D-A interfacial energetics. We naturally question whether the differences in c-BHJ and sq-BHJ films influence the energetics inside the D:A intermixed regions. As mentioned previously, NFA OSCs often benefit from high charge generation efficiencies despite a small driving energy. In contrast, for fullerene-based OSCs, a small driving energy leads to poor charge generation efficiency.64 From Fig. 4b, the energetic difference between PBDB-T and NCBDT HOMO levels is ~30 meV. However, the high peak EQE ~75% implies efficient light harvesting. Our high-performance devices thus serve as a model system for investigating D:A interface energetics in a sq-BHJ OSC that contains an A-D-A type NFA. In the EQE graph and EL emission, a Gaussian-type shoulder is usually characteristic of CT states.65 As shown in Fig. 4a, it is difficult to confirm such a shoulder in the EQE and EL data. The cross point energy of EQE and EL spectra66,67 is 1.54 eV, the same as the bandgap of the pure acceptor (Figure S5). From this we conclude that there is a negligible driving force for charge transfer (Fig. 4b). This result agrees with measurements made on another category of NFAs based on fused aromatic diimides reported by Yan et al.63 No change in EL and PL spectra under various biases was observed as shown in Figure S12-13, which indicates that the emissive spectra are from the same species, possibly singlet excitons. This is quite different from the low energy offset (~50 meV) fullerene-based blends PIPCP:PC61BM, where the PL intensity of the BHJ blend is field-dependent.68 Intramolecular vibrations in CT states have been suggested to explain the intrinsic limit for the non-radiative recombination in fullerene-based OSCs, but in these novel NFA OSCs, the intrinsic limit of non-radiative recombination has not been determined. A systematic investigation of the charge generation mechanism is still missing59, and the effect of charge delocalization and non-uniform    electronegativity in strong intramolecular push-pull molecules requires further attention.69 At this stage of our research, we do not find substantial energetic difference between the c-BHJ and the sq-BHJ OSCs despite their different preparation methods.


Figure 5. Kinetics from pump-probe spectroscopy with selective acceptor excitation at 800 nm. The kinetics is averaged between 1000 and 1100 nm. The sq-BHJ film was excited at two directions, either donor side first, or acceptor side first. The kinetics from the pure acceptor film and the NCBDT:PS blend film are for reference.
Transient absorption. To observe ultrafast kinetics, we used femtosecond optical spectroscopy. In the optical pump-probe measurement, we selectively excited NCBDT with 800 nm pulses. Figure 5 shows the kinetics of the exciton peak (averaged between 1000-1100 nm)59 extracted from the full spectra in Figure S14. A faster exciton decay in the D-A blend than that in the NCBDT: polysterene (PS) blend suggests efficient exciton quenching in both c-BHJ and sq-BHJ blends. Interestingly, kinetics at short timescales (< 20 ps) from D:A blends are very similar to that from pure NCBDT blend. This indicates a slow charge-transfer rate under such low offset in HOMO energies (Fig. 4b).70 The signal after 100 ps in D-A blends cannot come from excitons which are expected to decay completely (as seen in measurements on pure NCDBT film), but possibly from polarons. The smaller amplitude in c-BHJ films thus might come from faster BR due to its finer phase separation. Such fast recombination has been observed in PIPCP:PCBM blends.71 Overall, from transient absorption measurements, there is not much difference in charge generation in c-BHJ and sq-BHJ films.
Sequentially deposited devices using different materials. To further test this sequential deposition method, we also fabricated a series of NFA-based OSC devices using a combination of several donors and acceptors (PBDB-T, PTB7-Th, PDCBT (poly[(4,4′‐bis(2‐butyloctoxycarbonyl‐[2,2′‐bithiophene]‐5,5‐diyl)‐alt‐(2,2′‐bithiophene‐5,5′‐diyl)]), NCBDT and ITIC (3,9‐bis(2‐methylene‐(3‐(1,1‐dicyanomethylene)‐indanone)‐5,5,11,11‐tetrakis(4‐hexylphenyl)‐dithieno[2,3‐d:2′,3′‐d′]‐s‐indaceno[1,2‐b:5,6‐b′]dithiophene) ). As shown in Table 3, for PBDB-T and PTB7-Th, the device efficiencies using c-BHJ and sq-BHJ architectures are similar, while for PDCBT, sq-BHJ device efficiencies are much lower than c-BHJ ones. This is probably due to DCM used for processing. DCM is chosen for working with PBDB-T in this work. We note that some other solvents may work better for PDCBT blends. The lower JSC and FF in sq-BHJ devices may indicate an inefficient exciton dissociation and/or severe charge recombination, probably relating to not intermixed morphology and limited exciton diffusion length of organic materials. VOCs of sq-BHJ devices are within 50 meV difference compared with c-BHJ ones. Overall, these device results agree with our previous discussion that the formation of BHJ-like morphology greatly depends on the properties of polymer and the solvent for the NFA layer, and various solvents may be needed to optimise a specific blend.
Table 3. Device performance comparison of c-BHJ and sq-BHJ devices based on different donor and acceptor combinations. The solvent for these devices is DCM.
	Active layer
	Layout
	VOC (V)
	JSC (mA cm-2)
	JSC EQE (mA cm-2) 
	FF (%)
	PCE (%)

	PBDB-T:ITIC
	c-BHJ
	0.898
(0.899±0.002)
	14.11
(14.19±0.09)
	14.07
	56.7
(55.0±1.2)
	7.14
(7.00±0.10)

	
	Sq-BHJ
	0.835
(0.833±0.004)
	14.82
(15.08±0.16)
	14.28

	47.4
(45.9±0.9)
	5.86
(5.77±0.09)

	PTB7-Th:NCBDT
	c-BHJ
	0.781
(0.780±0.001)
	17.39
(17.62±0.16)
	17.17
	65.6
(64.0±1.0)
	8.92
(8.82±0.10)

	
	Sq-BHJ
	0.759
(0.759±0.002)
	17.37
(17.20±0.13)
	16.92
	62.8
(62.7±0.3)
	8.27
(8.19±0.06)

	PTB7-Th:ITIC
	c-BHJ
	0.805
(0.807±0.001)
	14.60
(14.63±0.10)
	14.46

	60.3
(59.5±0.6)
	7.09
(7.03±0.04)

	
	Sq-BHJ
	0.794
(0.792±0.004)
	14.88
(14.70±0.14)
	14.64
	60.3
(59.5±0.6)
	7.13
(6.97±0.15)

	PDCBT:NCBDT
	c-BHJ
	0.872
(0.870±0.002)
	12.91
(12.93±0.09)
	12.46
	61.3
(60.2±2.2)
	6.91
(6.77±0.30)

	
	Sq-BHJ
	0.873
(0.870±0.002)
	8.39
(8.02±0.30)
	-
	44.7
(44.9±0.2)
	3.28
(3.14±0.14)

	PDCBT:ITIC
	c-BHJ
	0.927
(0.923±0.004)
	14.15
(14.05±0.19)
	14.08
	64.9
(64.2±0.6)
	8.51
(8.33±0.22)

	
	Sq-BHJ
	0.905
(0.902±0.004)
	5.99
(5.59±0.33)
	-
	43.9
(42.4±1.7)
	2.38
(2.15±0.21)



Exciton diffusion length of PBDB-T. As a benchmark polymer, the exciton diffusion length of PBDB-T is still yet to be determined. We fabricated PBDB-T:C60 PHJ with various donor layer thicknesses (~8 nm to 60 nm, measured by spectroscopic ellipsometry). The thickness of the C60 layer is fixed at 60 nm to have the constructive interference at ~500 nm for the optimum device efficiency.72 As shown in Fig. S15b-c, the donor thickness of ~20 nm gave the highest efficiency. According to the simple relationship,73

where xmax is the distance from the electrodes (excluding PEDOT:PSS layer), L is the exciton diffusion length, α is the absorption coefficient.
The absorption coefficient of PBDB-T was determined to be 2.3×105 cm-1. According to Fig. S15d, the exciton diffusion length is 10 ± 3 nm. 
Outlook 
BHJ morphological optimisation has been relatively well studied and optimised in the past twenty years, while there are still limited efforts on understanding the sq-BHJ devices. Here we show that sq-BHJ layout carries high potential and can demonstrate performance comparable to as-cast co-depositing BHJ without any post treatments or solvent additives. At the same time, this structure may process several technology relevant advantages compared with one-step BHJ formation for future exploration, such as i) straightforward device fabrication and optimisation; ii) control of interfacial disorder for eliminating trap states; iii) engineering of distortion of EQE spectra for higher photocurrent; iv) device with higher morphological stability. We believe that future work will make it possible to combine the high-PCE achievement of this study with one or several outlined potential advantages and make sq-BHJ suitable for practical applications.
Experimental details.
Materials. PBDB-T was purchased from Ossila (M1002). NCBDT was synthesized using the procedure reported elsewhere.59 Chloroform, DCM, dichloroethane (DCE) and trichloroethane (TCE) were bought from Sigma Aldrich. DIM was from Alfa Aesar. 
OPV device fabrication. The device structure was glass/ITO/PEDOT:PSS/active layer/PDINO/Al. The glass substrate with ITO was cleaned sequentially by deionized water, acetone and isopropyl alcohol under ultrasonication for 10 min each. The subsequent PEDOT:PSS layer was spin-coated at 5000 RPM for 45 s, and then baked at 150 ºC for 20 min in ambient atmosphere. For the sq-BHJ film, the donor layer was deposited from 6 mg/ml solution in chloroform at 1900 RPM for 20 s, and the subsequent acceptor layer was cast from 6 mg/ml solution in DCM at 2500 RPM for 40 s. PDINO (1 mg/ml in CH3OH) was spin-coated on the active layer at 3000 RPM for 40 s. Finally, a 100 nm Al layer was deposited under high vacuum. The effective area of each cell was 4.5 mm2.
J-V characterisation and EQE measurements. Current-density voltage curves were measured using a Xenon lamp under the AM 1.5 solar illumination (Oriel 96000) in an argon-filled glovebox. The simulator irradiance was characterized using a calibrated spectrometer and the illumination intensity was calibrated using a silicon reference diode. EQE spectrum was measured together with a lock-in amplifier (SR 810, Stanford Research Systems).
EQEEL, field-dependent PL and EL. EL emission from the device was collected by a silicon photodiode with an active area of 100 mm2, with fixed distance between the device and the photodiode. The current-voltage characteristics of the device were measured with a Keithley 2400 source meter and the current outputs of the photodiode were measured with a Keithley 2000 source meter. Steady-state PL was measured from encapsulated films using a home-built setup with a 405 nm laser (Coherent) as the excitation source. The collected PL was focused into a spectrometer (Andor). For field-dependent PL, the encapsulated devices were connected to and biased by a source meter (Keithley 2400). With the same setup, the bias-dependent EL was measured in the injection region. A 500 nm long-pass filter was used to block the excitation scattering.
Neutron reflectivity. NR measurements of thin film layers were made using the same spin coating parameters as for the actual devices. The substrates were 5 mm thick circular silicon wafers (Prolog Semicor, Ukraine) with diameter of 50.8 mm. The NR data was measured at the ISIS pulsed Neutron and Muon Source (Oxfordshire, UK) using the instrument OFFSPEC, which has a useable incident neutron wavelength range from 2-12 Å. A number of incident angles were collected to cover the measured momentum transfer range 0.008-0.238 Å-1. We measured reference samples for each pure material (PEDOT:PSS, PBDB-T and NCBDT) which allowed us to unambiguously measure the scattering length density (SLD) of each layer independently. The PEDOT:PSS layer SLD, thickness and roughness were constrained in the device layer films, whilst silicon oxide thickness was allowed to vary. The NR data was modelled using the scheme of Névot and Croce74 as a number of layers each having a roughness, thickness and a SLD. For the as-cast BHJ layer a single fit was used. For the sequentially processed layers, fitting was performed for two possible cases, that of a bilayer architecture and a single layer. In the former, the SLD of each layer was constrained to the values measured for the single layer films.
Pump-probe spectroscopy. 800 nm, ~200 fs pulses were generated by a regenerative Ti:sapphire regenerative amplifier (Spectra Physics, Solstice Ace) operating at 1 kHz. A portion of the seed pulses were directly sent into the sample area, while another portion was sent to a delay stage, followed by generation of the broadband probe pulses (~950-1350 nm). Part of the probe light was split off and used as the reference to reduce the pulse fluctuation. Both probe and reference beams were detected using a pair of linear image sensors (Hamamatsu). The signal was read out at the full laser repetition rate by a custom-built board (Stresing Entwicklungsburo). The beam size of pump and probe pulses were estimated to be ~0.5 mm2. The sq-BHJ and c-BHJ films were prepared following the procedures for device fabrication. Pure NCBDT film was spin-coated at 3000 RPM for 40 s from a 6 mg/ml solution in CF, while the NCBDT:PS (weight ratio, 1:49) blend film was cast from chlorobenzene. The pump pulse energy was 250 nJ for NCBDT:PS film and 50 nJ for other films.
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