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Abstract  
In bulk heterojunction (BHJ) organic solar cells (OSC), the photoactive layer morphology controls charge 

carrier generation, transport, and extraction. Obtaining the ‘optimum’ morphology is often achieved by 

empiric optimization of processing conditions and post-processing treatment. Better control over the 

morphology can be achieved by sequential photoactive layer-by-layer (LbL) deposition techniques, creating 

a pseudo-bilayer OSC.  Solvent additives can be used to modify the vertical component distribution, thereby 

enhancing OSC efficiency. However, the impact of solvent additives on device photophysics is often 

unclear. Here, the photophysics of LbL-coated PM6/Y6 organic solar cells are reported. Enhanced PCEs are 

observed when using 1-chloronaphthalene (CN) as solvent additive. Transient absorption (TA) spectroscopy 

indicates that the addition of 0.5% CN facilitates both exciton dissociation and charge separation, while 
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excessive (>1%) use of CN causes fast geminate and non-geminate charge recombination and consequently 

deteriorates device performance. The results outline routes to fine-tune the morphology of LbL-coated 

photoactive layers of OSCs and provide insight into the reasons for increased PCEs. 

Introduction  
Organic solar cells (OSCs) offer lightweight, flexibility, semi-transparency, and low manufacturing 

costs all in one PV technology.[1] Over the past years, the power conversion efficiency (PCE) of 

OSCs has increased significantly, recently exceeding 19%, bringing this technology closer to wide-

scale commercial applications.[2] The improvement in PCE is driven by the continuous development 

of novel materials, particularly novel non-fullerene acceptors (NFAs).[3] Commonly, highly-

efficient OSC devices are prepared by blending donor and acceptor materials in solution, creating a 

so-called bulk-heterojunction (BHJ) photoactive layer upon deposition by, for instance, spin-

coating, blading, or ink-jetting.[4] The BHJ exhibits a large donor/acceptor interface area which 

ensures efficient exciton quenching and charge separation as well as an interpenetrating donor-

acceptor (D-A) 3D network facilitating charge carrier percolation.[5] Large D-A domain sizes of 20-

50 nm are often observed in high-efficiency NFA-based BHJ cells,[6] consistent with the reported 

long exciton diffusion length of NFAs.[7] However, obtaining the optimal nanoscale morphology of 

the BHJ photoactive layer consisting of interpenetrating bi-continuous D-A networks is challenging 

since it is very sensitive to material properties and processing conditions.[8] Non-optimal D-A 

morphologies limit charge separation and transport and thus the device performance.[9] 

Alternatively, bi-layer structures devices are prepared by sequential deposition of the individual 

donor and acceptor materials.[10] In fact, layer-by-layer (LbL) coated OSCs have recently gained 

attention due to improved charge transport and extraction, reduced dependence of their performance 

on the D/A ratio and solvent used in the processing step, and often better thermal stability.[10-11] The 

OSC solutions and the LbL processing conditions are selected such that a pseudo-bilayer 

configuration is obtained, wherein the center of the photoactive layer an intermixed D/A layer is 

created, sandwiched between the neat D and A layers.[11c, 11f] Using this approach, Sun et al. 
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achieved an impressive performance of LbL-coated OSCs based on the high-efficiency PM6:Y6 

system with a PCE of ~16.4%, even higher than obtained for BHJ devices (15.4%).[11a] The 

versatility of the LbL method also allows the fabrication of large-area (~11.52 cm2) photoactive 

layers in PM6/Y6 -based solar modules prepared by the LbL blade-coating technique with a 

demonstrated PCE of 11.9%, that is, higher than that of BHJ-based devices (10.2%) of the same 

active area.[11a] However, further improving the performance of LbL OSCs requires the 

development of new materials, processing methods, and a better understanding of the efficiency-

limiting processes in LbL OSCs compared to those in BHJ OSCs. 

Specifically, solvent additives have been shown to play a vital role in the crystallization and grain 

orientation of donor and acceptor molecules and thus, have been widely used to tune the 

morphology of the BHJ photoactive layer.[12] Similarly, solvent additives have also been used to 

modify the vertical composition distribution.[13] A favorable D-A vertical distribution and improved 

crystallinity induced by the solvent additives facilitate efficient exciton dissociation, charge 

transport, and extraction.[13] However, fundamental spectroscopic studies of the effect of solvent 

additives on the performance of LbL OSCs have rarely been reported, yet they are key to 

understanding the processes in LbL OSCs and the impact solvent additives have on charge carrier 

generation and recombination. 

In this work, we study the high-performance polymer donor PM6 combined with the small 

molecule acceptor Y6. We employed a solvent additive-assisted LbL solution process to fabricate 

efficient OSCs. The bottom PM6 donor layer was deposited from chlorobenzene (CB) solution, 

while the Y6 acceptor top layer was deposited from a chloroform solution containing a solvent 

additive, namely, 1-chloronaphthalene (CN), at various volume ratios. The effects of CN on the 

device performance were systematically examined via a combination of J-V measurements, 

grazing-incidence wide-angle X-ray scattering (GIWAXS), atomic force microscopy (AFM), and 

transient absorption (TA) spectroscopy to assess the microstructure of the layers, and its impact on 

charge carrier dynamics. The GIWAXS results show that an addition of CN leads to remarkable 
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changes in the microstructure of the LbL films, owing to a strong impact on the crystallization of 

the NFA. Overall, the crystal order of LbL layers is enhanced upon the addition of CN, but 

depending on the additive loading, an improved charge generation was observed for concentrations 

up to 0.5% CN, while higher loadings deteriorated the device performance due to reduction in the 

film quality. TA spectroscopy demonstrates that charge generation and recombination processes are 

strongly affected by the amount of solvent additive used during the processing.  

Results and discussion   
 

 

Figure 1:  (a) Chemical structures of the polymer donor PM6 and Y6 non-fullerene acceptor used as a photoactive layer. (b) 

Normalized absorbance spectra of PM6 and Y6. (c) Schematic of the device architecture of LbL OSC prepared in this work. 

Figure 1a shows the chemical structures of the PM6 polymer donor and Y6 acceptor used as 

photoactive materials in this work, and Figure 1b displays the corresponding normalized absorption 

spectra. The PM6 donor absorbs strongly in the visible range between 450 and 700 nm, while Y6 

exhibits complementary absorption in the range between 550-950 nm. The UV-Vis absorbance 

spectra of LbL PM6/Y6 films are provided in the supporting information (Figure S1).  To test the 
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device performance of the bilayer devices, we fabricated solar cells with an 

ITO/PEDOT/PM6/Y6/PFN-Br/Ag architecture (as shown in Figure 1c). For comparison, a BHJ 

OSC with a structure of ITO/PEDOT/PM6:Y6/PFN-Br/Ag was also fabricated. The LbL active 

layer films were formed by sequentially spin-coating from PM6 solution (solvent: chlorobenzene) 

and acceptor Y6 solution (solvent: chloroform+1-chloronaphthalene (CN)).  
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Figure 2: (a) Current density-voltage (J-V) characteristics of BHJ and LbL OSC devices based on PM6 and Y6 photoactive layer.  

Box charts of measured (b) VOC, (c) FF, (d) JSC, and (e) PCE of LbL OSC devices with different CN concentrations. (f) 

Corresponding EQE spectra. 

The J-V curves of solar cells recorded under simulated AM1.5G solar illumination (100 mW cm-2) 

are provided in Figure 2a, with corresponding statistical figures of merit summarized in Figure 2b-e 

and Table 1. The JSC values obtained from J-V measurements (Figure 2a) match the current density 

obtained by integration of the external quantum efficiency (EQE) spectra at 1 sun AM1.5G standard 

solar spectrum (Figure 2f). The box charts in Figure 2b-e present the statistical distribution of the 

various figures-of-merit of the BHJ and LbL cells calculated from >10 devices. The average open-

circuit voltage (VOC) of LbL cells increases from 0.85 V for the as-cast (CN, 0 vol.%) to 0.87 V and 

0.89 V upon addition of 1 and 1.5 vol.% CN to the Y6 solutions (Table 1, Figure 2b). The increase 
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in VOC is related to an increase in the bandgap of the LbL film (see Figure S1).[14] Upon adding 

further solvent additive CN (2% and 3%), VOC decreases to 0.86 V and 0.77 V, respectively (Table 

1) as a result of the increase in LbL film roughness (Figure S1) and shunt-resistance as indicated by 

an increase of leakage current density (Figure S9). Similarly, the fill-factor (FF) of LbL devices 

increases from 64.5% for the as-cast to 68.6% and 72% upon addition of 0.5% and 1% CN. Further 

addition of CN (1.5%, 2%, and 3%) decreases the FF to 66.7%, 64.3%, and 45.9%, respectively 

(Table 1, Figure 2c). Additionally, the short-circuit current (JSC) decreases from 24.3 mA.cm-2 for 

the as-cast LbL cell to 24 and 17.9 mA.cm-2 upon addition of 0.5%, and 1.5% CN, respectively. The 

increase of VOC and FF and the slight decrease of JSC upon adding 0.5% CN, result in a power 

conversion efficiency (PCE) of up to 14.5% (Table 1). In general, the CN additive impacts 

substantially the VOC, FF, and thus PCE values and deteriorates device performance at higher 

concentrations.[13] We have measured the JV characteristics of several other PM6-based LbL-coated 

solar cells, and the device parameters shown in Table S1 suggest that the LbL coating can be used 

for other donor-acceptor systems as well. 

Table 1. Photovoltaic parameters of BHJ PM6:Y6 and LbL PM6/Y6 solar cell devices. 

Device   condition 
VOC 

(V) 

JSC 

(mA cm-2) 

FF 

(%) 

PCE 

(%) 

BHJ PM6:Y6   
Average 0.84±0.01 24.5±0.3 71.5±0.9 14.7±0.4 

Maximum 0.85 25.0 72.7 15.4 

LbL PM6/Y6 

CF   
Average 0.85±0.01 24.3±0.4 64.5±2.2 13.3±0.5 

Maximum 0.85 24.3 68.2 14.1 

CF+0.5%CN 
  Average 0.85±0.01 24.0±0.7 68.6±2.3 14.0±0.5 

  Maximum 0.87 24.3 69.1 14.5 

CF+1.0%CN 
  Average 0.87±0.01 21.6±0.8 72.0±1.1 13.6±0.3 

  Maximum 0.87 21.5 73.7 13.7 

CF+1.5%CN 
  Average 0.89±0.02 17.9±1.5 66.7±1.9 10.6±1.2 

  Maximum 0.89 20.2 69.8 12.7 

CF+2.0%CN   Average 0.86±0.01 17.4±0.6 64.3±2.6 9.7±0.6 
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  Maximum 0.87 18.2 65.8 10.4 

CF+3.0%CN 
  Average 0.77±0.05 8.7±0.4 45.9±6.9 3.1±0.8 

  Maximum 0.82 9.3 52.9 4.0 

 

To reveal the impact of CN on the structural properties of the LbL active layers, we used grazing 

incidence wide-angle X-ray scattering (GIWAXS) and analyzed the packing motifs/microstructures 

upon varying the amount of CN added to the Y6 solution (Figure 3). The as-cast PM6/Y6 

microstructure shows rather weak and diffuse diffractions, suggesting a low degree of structural 

order for both donor and acceptor, despite lacking long-range order, as already reported for both 

materials deposited through our processing route.[5, 15] In particular, the as-cast PM6/Y6 film 

exhibits a preferential face-on orientation with a broad reflection peaking at 17.3 nm−1 in the out-of-

plane (qz) direction, associated with the diffraction from π-stacked planes and two lamellar peaks 

mainly in-plane (qxy) at low q values. Interestingly, GIWAXS patterns of LbL films comprising Y6 

layers processed with 0.5% CN are slightly different compared to films processed with less CN, 

while a higher amount of CN leads to substantial changes: films prepared with 1% CN and 1.5% 

CN exhibit more refined diffraction maxima in the low-q-region and narrower peaks in the high-q 

region ─ two peaks at 16.5/17.8 nm-1 and 16.6/18.2 nm-1 for 1% and 1.5% CN respectively ─ 

suggesting an increased crystallinity and closer π-π stacking of the NFA molecules.  
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Figure 3. (a) 2-D GIWAXS patterns  and (b) corresponding profiles  along the out-of-plane (solid line) and in-plane directions 

(dashed lines) for Y6/PM6 LbL films processed with different CN addition, as indicated. The reference Y6 and PM6 GIWAXS 

patterns are also shown. 

The impact of CN on the crystallization of Y6 is particularly noteworthy, as it is confirmed by the 

GIWAXS patterns of Y6 films processed with CN (Figures S2 and S3). An addition of 0.5% of CN 

leads to the formation of a high number of diffraction peaks in the low-q-region. In comparison, a 

further increase to 1% and 1.5% leads to less refined diffraction peaks that differ from the reference 

Y6, suggesting a rich processing-driven polymorphism of this NFA, as already reported for other 

molecules.[16] However, a detailed analysis of the packing motifs/microstructures of the different 

Y6 polymorphs is beyond the scope of this work. Briefly, it appears that the crystal structure 

obtained from CN-processed LbLs differs from that of Y6 films, owing to the partial intermixing of 

donor and acceptor molecules at the interface in the pseudo-bilayer. In contrast, the GIWAXS 

patterns of the 0.5% CN LbL films are very similar to those presented by the BHJ films processed 

with the same amount of CN (Figure S4 of the Supplementary Information).  

Clearly, the morphology of the OSC’s photoactive layer plays a vital role in the device 

performance. We performed atomic force microscopy (AFM) to study the surface topology of Y6 

layers deposited atop glass/PEDOT:PSS/PM6. The AFM images of the LbL films’ surfaces 

obtained by using a Bruker Dimension-Icon System are presented in Figure 4.  Figure 4a shows that 

the bilayer PM6/Y6 films prepared with 0% CN exhibit a compact structure, which exhibits distinct 
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features not seen in neat PM6 films (Figure S5). This indicates the presence of Y6 on PM6 films 

and supports that sequential spin-coating of Y6 solutions with an orthogonal solvent does not 

dissolve the bottom PM6 films. When the concentration of CN was increased to 0.5%, we observed 

some improvement in the film quality, as illustrated in Figure 4b. Contrarily, as demonstrated in 

Figure 4c and 4d, further increasing the CN concentration to 1% and 1.5% led to a noticeable 

reduction of the film quality. Typically, the bilayer PM6/Y6 films prepared with 1% and 1.5 CN% 

exhibit an increased number of voids in the films.  

We quantified the root mean square (RMS) of PM6 and PM6/Y6 films prepared with different CN 

concentrations to provide a more detailed analysis. As depicted in Figure 4e, the bilayer PM6/Y6 

films prepared with 0.5% CN reveal the lowest RMS value (1.83 nm), indicating superior film 

quality among the bilayer PM6/Y6 films in line with the best solar cell performance. Despite the 

increase in crystallinity and tight π-π stacking of the acceptor as shown by GIWAXS, a significant 

increase in the RMS value up to 36 nm was observed in the bilayer PM6/Y6 prepared with 1.5% 

CN, which results in a reduction of the PCE in devices. This increased RMS value appears to 

originate from the partial dissolution of the bottom PM6 layer at high CN concentrations as shown 

by UV-Vis absorption spectra of LbL films (Figure S1). The analysis of the RMS is also in 

agreement with the height distribution profile of the bilayer PM6/Y6 films with different CN 

concentrations, as presented in Figure 4f, obtained by determining the height of each point on the 

film. The bilayer PM6/Y6 films prepared with 0% and 0.5% CN exhibit a narrow height 

distribution that is associated with good film quality. Meanwhile, a significantly broader spread in 

the height profile was revealed in the PM6/Y6 films prepared with higher CN concentrations due to 

the reduced film quality and the increased number of voids in the films.  A
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Figure 4: Atomic force microscopy (AFM) images (scan area 10 µm) of Glass/PEDOT:PSS/PM6/Y6 LbL films with Y6 layer 

prepared from (a) CF+0% CN (as-cast), (b)  0.5%CN, (c) 1.0% CN, (d) 1.5% CN (e) Roughness profile of PM6 and bilayer PM6/Y6 

films with different CN concentrations presented by root mean square (RMS). (f) Height distribution of bilayer PM6/Y6 films with 

different CN concentrations.  

 

To probe the exciton dissociation and charge generation in LbL-coated PM6/Y6 blend films, we 

performed picosecond-nanosecond (ps-ns) TA spectroscopy.[9a] Figure 5 shows the ps-ns transient 

absorption spectra at different delay times and the spectrally-integrated kinetics of the ground state 

bleach (GSB) of PM6/Y6 LbL films for different CN concentrations. The positive ΔT/T signal 

represents the GSB, while the negative ΔT/T signal is assigned to photo-induced absorption (PA). 

Figure 5a shows the TA spectra of an as-cast PM6/Y6 film. Upon photo-exciting at 600 nm, which 

primarily excites the donor polymer PM6, we observed GSB of both PM6 (2 eV) and Y6 (1.45 eV) 

along with the PA bands of PM6 and Y6 singlet excitons at 1.05 eV and 1.3 eV, respectively. At 

600 nm, the Y6 molecules absorb less photons (Figure 1b), suggesting that a significant part of the 

GSB of Y6 is due to singlet energy transfer (EnT) from PM6, as reported previously.[17] Here, we 

note that the fast disappearance of PM6 singlets at 1.05 eV and the red-shift of the Y6 singlet 

exciton band (1.3 eV) indicate ultrafast charge carrier generation. The GSB band of Y6 decayed, 

while the GSB of PM6 kept rising to ~50 ps, indicating diffusion-limited hole transfer from Y6, as 

recently reported for many low-bandgap NFA-based OSCs.[17a] Having revealed the charge 

generation dynamics in PM6/Y6 LbL films, we turn to the charge carrier generation in BHJ films of 
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PM6:Y6 (Figure 5b) and compare it with the LbL-coated PM6/Y6 films. The TA spectra of BHJ 

films were obtained by using a different white-light probe which was generated by a calcium 

fluoride (CaF2) window from 1300 nm pulses.[18]  The charge generation in both LbL and BHJ films 

shows remarkably similar dynamics (Figure 5b, 5f), confirming that charge generation is similarly 

efficient in both systems. This suggests that further fine-tuning of the morphology of PM6/Y6 LbL 

could enhance the charge carrier generation efficiency further. 
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Figure 5: Picosecond-nanosecond (ps-ns) TA spectra after exciting with 600 nm laser pulses of (a) LbL PM6/Y6, (b) BHJ PM6/Y6 

(c) LbL PM6/Y6 with 0.5% CN (d) LbL PM6/Y6 with 1% CN, (e) LbL PM6/Y6 with 1.5% CN, and (f) integrated kinetics of 1.25 eV-

1.35 eV spectral region.  

Next, we investigated the impact of CN addition on the exciton quenching and charge generation 

processes in PM6/Y6 films. Figures 5c, d, and e show the TA data of PM6/Y6 LbL films prepared 

with 0.5%, 1%, and 1.5% CN. In films prepared with 0.5% CN, the TA spectral (Figure 5c) 

evolution is similar to the films prepared without CN, while the signal dynamics (Figure 5f) 
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demonstrate the faster generation of charges carriers compared to both as-cast LbL and BHJ films, 

indicating a more optimal morphology for charge generation when adding CN. In the as-cast 

PM6/Y6 and BHJ films, the charge generation progressed until ~100 ps, whereas in the films 

prepared with 0.5% solvent additive, charge generation concluded around ~50 ps (Figure 5c).  

In PM6/Y6 films, the presence of a singlet exciton-induced PA band of PM6 at 1.05 eV is enhanced 

with increasing CN concentration. This indicates that the singlet exciton quenching is not as 

efficient as in films prepared with 0.5% CN and as in as-cast LbL films (Figure 5d). The red-

shifting of the 1.35 eV band has not concluded, unlike in films prepared with 0% and 0.5% CN, 

indicating that unquenched singlet excitons were present even after 1 ns. While the 1% CN addition 

improved the fill factor of the device, the JSC was reduced due to non-optimal singlet-to-charge 

conversion. Interestingly, the films prepared with 1.5% CN (Figure 5e) showed a substantially 

different ps-ns TA spectral evolution. We note that, unlike in films prepared with lower CN 

concentrations, both the PA and GSB part of the spectra decayed faster. This is a consequence of 

reduced singlet-to-charge conversion efficiency caused by crystallization, resulting in a significant 

fraction of Y6 singlet excitons being lost prior to creating charge carriers.      

As shown in Figure 5f, the spectrally-integrated kinetics of neat PM6/Y6 films and films prepared 

with CN indicate that the modification of the film morphology by CN addition significantly impacts 

the charge generation. However, faster and more efficient generation of charge carriers is not 

necessarily accompanied by improved charge carrier extraction. In fact, photo-generated charge 

carriers can recombine geminately and non-geminately before they are extracted at the device 

electrodes. Thus, we also examined the charge carrier recombination using nanosecond-

microsecond (ns-µs) TA spectroscopy measured on the same systems as detailed above. 
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Figure 6: Nanosecond-microsecond (ns-µs) TA kinetics of the PA region of (a) PM6/Y6, (b) PM6/Y6 with 0.5% CN (c) PM6/Y6 with 

1% CN, (d) PM6/Y6 with 1.5% CN. The solid lines are the global fit.  

 

Figure 6 shows the charge carrier decay dynamics obtained from ns-µs TA spectroscopy 

measurements on PM6/Y6 LbL films prepared with different CN concentrations. The 

corresponding TA spectra are shown in Figure S6. Clearly, the decay of the charge-induced 

absorption is fluence dependent, as typical for non-geminate recombination of spatially-separated 

charge carriers.[9a, 19] To quantify the geminate and non-geminate recombination rates, we 

parameterized the decay dynamics using a two-pool charge carrier recombination model, 

established earlier by Howard et al., and thereafter successfully applied to several other fullerenes 

and non-fullerene organic solar cell blend films.[20] This model is based on concomitant fluence-

independent geminate recombination of charge-transfer states charge carriers (CT-carriers) and 

fluence-dependent non-geminate recombination of spatially separated free charges. Assuming that 

charges in CT-states and spatially-separated (free) charges have similar photo-induced absorption 
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features and thus cannot be spectroscopically distinguished, the dynamics of the entire charge 

carrier population can be described by Equation 1:[20] 

𝑛(𝑡)  = (𝑁0(1 − 𝑓)[exp(−𝑘𝐶𝑇→𝐺𝑆𝑡)] + [𝜆𝛾𝑡 + (𝑓𝑁0)−𝜆 ]
−1
𝜆 )                      (1) 

Here, 𝑘𝐶𝑇→𝐺𝑆 is the monomolecular (geminate) recombination rate constant, λ+1 and γ are the 

apparent non-geminate recombination order and coefficient, respectively, and f is the fraction of the 

initial carrier population that decays non-geminately (equivalent to the fraction of separated 

charges). n(t) is the time-dependent carrier population undergoing recombination. N0 is the total 

initial charge carrier density, which was estimated by assuming an absorption cross-section on the 

order of 1×10-16 cm2 for charge carriers and from the ΔT/T signal amplitude of the PA band at 10 ns 

delay time by using the Beer-Lambert formula: 

𝛥𝑇

𝑇
= 𝜎(𝜆) 𝑁0 𝑑                                                                                                (2) 

𝑁0 =

𝛥𝑇
𝑇

𝜎(𝜆)  𝑑
                                                                                                      (3) 

where 
𝛥𝑇

𝑇
 is the TA signal amplitude at a specific fluence, 𝑑 is the thickness of the film and 𝜎(𝜆) is 

the absorption cross-section of charge carriers. We note that we fit the carrier decay dynamics 

globally, that is, by using a set of shared parameters and across all measured fluences. Further 

details of this model can be in our earlier works.[19-21]  

The fit to the data revealed that 84% of the charge carrier population are spatially-separated in 

pristine PM6/Y6 and thus could be extracted as photocurrent. PM6/Y6 blends prepared with 0.5% 

and 1% CN generated 86% and 85% of spatially-separated charge carriers, whereas PM6/Y6 films 

prepared with 1.5% CN generated only 73% of free charge carriers. This implies more geminate 

(fluence-independent) charge carrier recombination in PM6/Y6 films prepared with 1.5% CN (see 

Table 2).  
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The non-geminate recombination coefficient γ and apparent recombination order λ + 1 can be used 

to calculate an effective bimolecular (λ + 1 = 2) recombination coefficient (β).  

β 
 =   

𝛾 𝑛𝜆−1                                                                            (4) 

We obtained a value for β of 2.13×10−12 cm3 s−1 for neat PM6/Y6 bilayer films at a carrier 

concentration (n) of 1 × 1016 cm−3, corresponding to approximately 1 sun illumination conditions. 

For the PM6/Y6 films prepared with CN, significantly larger β values were obtained 

(~1.5x10−11 cm3 s−1 for 1.5% CN sample), indicating faster non-geminate recombination of free 

charge carriers competes with carrier extraction. To reveal the recombination mechanism that 

occurs in devices, we investigated the dependence of JSC and VOC on the incident light intensity. The 

JSC as a function of light intensity (Fig. S7 in the SI) follows a power-law dependence according to 

JSC = Iα with an exponent of α = 0.97 for CF+0.25% CN, 0.96 for CF+0.5CN and 0.92 for CF+2% 

CN. The values of α deviate from unity, indicating non-geminate recombination of charge carriers 

occurs in devices[22]. Furthermore, the ideality factor (n) determined from the slope of the light 

intensity vs VOC in a semi-logarithmic plot was found to be larger for CF+2% CN (n = 1.85) than 

for CF+0.25% CN (n = 1.13), indicating that geminate recombination dominates the device 

performance in samples prepared with larger amounts of CN.[23] Here we note that both 0.25% and 

0.5% show comparable parameters in the light intensity-dependent measurements, thus a fraction 

between 0.25-0.5 % of CN can be considered optimal for solar cell performance. The extraction of 

generated charge carriers at short circuit conditions and at the maximum power point were 

calculated from the dark and light JV measurements (shown in the SI). Both values are significantly 

larger in the better performing devices indicating that the FF losses are largely caused by limited 

carrier extraction. This appears to be related to the poorer film quality obtained when using 

excessive concentrations of CN, as confirmed by GIWAXS and AFM images.  
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Table 2 Fit parameters obtained from global fits to the ns–µs charge carrier recombination dynamics in optimized ternary blends. 

Here f is the fraction of free charge carriers, kCT-GS is the geminate recombination rate, λ+1 is the apparent non-geminate 

recombination order, γ is the non-geminate decay rate, and β is the effective bimolecular recombination coefficient for ternary and 

binary blends calculated for a carrier density of 1 × 1016 cm−3. 

Parameter 0CN 0.5 CN 1 CN 1.5 CN 

f 0.84 0.86 0.85 0.73 

1-f 0.16 0.14 0.15 0.27 

kCT 6.8 x108 1 x109 1 x109 7.4 x108 

λ 1.583 1.589 1.6 1.6 

γ 1 x10-21 1 x10-21 1.18 x10-21 3.53 x10-21 

β 2.13 x10-12 2.6 x10-12 4.7 x10-12 1.5 x10-11 

 

 

Conclusion 

We revealed the impact of the processing-additive CN in layer-by-layer coated PM6/Y6 organic 

solar cells on charge generation and recombination. The addition of 0.5% CN resulted in increased 

device PCE, which we attributed to changes in the photoactive layer's morphology, causing 

improved charge carrier generation and extraction. The GIWAXS data indicated that adding up to 

0.5% CN to the Y6 solution resulted in LbL-coated films with performance similar to BHJ films 

processed with 0.5% CN. The addition of higher CN fractions (1.5 %), caused a marked increase in 

film crystallinity, accompanied by increased film roughness and a faster decay of the photoexcited 

states. TA spectroscopy revealed that increased geminate recombination losses occurred upon the 

excessive addition of CN. In addition to the increased geminate recombination, excessive CN 

fractions also increased non-geminate recombination losses. Finding the optimum fraction of 

processing additive is key to optimizing the power conversion efficiency of LbL-coated organic 

solar cells. Our TA studies indicate that there is still room for further PCE improvements in layer-

by-layer coated organic solar cells by fine-tuning the layer morphology.  

Experimental methods 
 

Thin Film Preparation and Solar Cells Fabrication 
Glass/quartz (for UV-vis and TA), silicon (for GIWAXS), and indium tin oxide (ITO) coated glass 

substrates (Kintec Company, 10 Ω/sq.) were cleaned by sequential ultra-sonication in dilute Extran 300 

A
cc

ep
te

d 
A

rt
ic

le



 This article is protected by copyright. All rights reserved 

detergent solution, deionized water, acetone, and isopropyl alcohol for 20 minutes each. These substrates 

were then cleaned by UV-ozone treatment for 20 min.  

For OSC device fabrication, a thin layer (≈30 nm) of PEDOT:PSS was spin-coated onto the UV-treated 

substrates and then dried on a heating plate at 150 °C for 10 min. PM6:Y6 BHJ OSCs were fabricated 

following the previous report.[24] LbL OSC devices were fabricated by first spin-coating PM6 polymer donor 

(dissolved in chlorobenzene (CB), 10 mg/ml) at spin speed of 2300 rpm for 30 s followed by annealing at 

100°C for 10 min. Y6 solution (in chloroform+1-chloronaphthalene, 10 mg/ml) then deposited by dynamic 

spin coating on PM6 film at speed 2500 rpm for 30 s. A layer of 5 nm PFN-Br as an electron-transport layer 

(ETL) was spun from methanol solution (0.5 mg mL−1) on top of the BHJ layer. Finally, the samples were 

placed in a thermal evaporator, and 100 nm of silver was then thermally evaporated at 2×10−6 mbar through a 

0.1 cm2 pixel area shadow mask.  

Neat and blend films for characterizations (TA, UV-vis, GIWAXS, AFM) were prepared following solar cell 

fabrication steps and the solution was spin-coated onto quartz substrates in the glovebox. UV-vis spectra of 

films on glass were recorded on a Cary 5000 instrument in single beam mode.  

Device Characterization 
 J–V measurements of solar cells were performed in an N2 filled glove box using a Keithley 2400 source 

meter and an Oriel Sol3A Class AAA solar simulator calibrated to 1 sun, AM1.5G, with a KG-5 silicon 

reference cell certified by Newport. External quantum efficiency (EQE) was characterized using an EQE 

system (PV measurement Inc.). Measurements were performed at zero bias by illuminating the device with 

monochromatic light supplied from a Xenon arc lamp in combination with a dual-grating monochromator. 

The number of photons incident on the sample was calculated for each wavelength using a silicon 

photodiode calibrated by The National Institute of Standards and Technology (NIST). 

GIWAXS 
GIWAXS measurements were performed at the BL11 NCD-SWEET beamline at ALBA Synchrotron 

Radiation Facility (Spain) and acquired using a Rayonix® LX255-HS area detector. The incident X-ray beam 

energy was 12.4 eV, the incidence angle (αi) was 0.12o and the sample to detector distance was 200.5 mm. 

2D GIWAXS patterns were corrected as a function of the components of the scattering vector with a 

Matlab® script designed for this purpose (Aurora Nogales, Edgar Gutiérrez, (2019), 2D Representation of a 

Wide-Angle X-Ray Scattering pattern as a function of Q vector components). 

Transient absorption spectroscopy (TA) 
TA spectroscopy was carried out using a previously described custom pump–probe setup. The output of a 

titanium:sapphire amplifier (Coherent LEGEND DUO, 4.5 mJ, 3 kHz, 100 fs) was split into three beams (2, 

1, and 1.5 mJ). One of them was used to produce a white-light supercontinuum from 550 to 1700 nm by 

sending the 800 nm pulses through a sapphire (3 mm thick) crystal which is mounted on a stage. The 

samples (films on quartz substrates) were kept under vacuum (10-6 mbar) during the entire measurements. 

The excitation wavelength used was 600 nm for all films. The transmitted fraction of the white light was 

guided to a custom-made prism spectrograph (Entwicklungsbüro Stresing) where it was dispersed by a prism 

onto a 512 pixel complementary metal-oxide-semiconductor (CMOS) linear image sensor (Hamamatsu 

G11608- 512DA). The probe pulse repetition rate was 3 kHz, while the excitation pulses were directly 

generated at 1.5 kHz frequency, while the detector array was read out at 3 kHz. Adjacent diode readings 

corresponding to the transmission of the sample after excitation and in the absence of an excitation pulse 

were used to calculate ΔT/T. Measurements were averaged over several thousand shots to obtain a good 

signal-to-noise ratio. The chirp induced by the transmissive optics was corrected with a custom Matlab 

script. The delay at which pump and probe arrive simultaneously on the sample (i.e., zero time) was 

determined from the point of the maximum positive slope of the TA signal rise for each wavelength. 
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Increased power conversion efficiency (PCE) is observed when adding trace amounts of 1-chloronaphthalene 

(CN) to Y6 in sequentially-coated PM6/Y6 bilayer organic solar cells. Transient absorption spectroscopy 

shows that the addition of 0.5-1% CN facilitates exciton dissociation and charge separation, while higher CN 

fractions increases charge recombination due to changes in the layer morphology.  
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