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Abstract 

Non-fullerene acceptors have emerged as leading candidates in organic photovoltaics 

pushing past some of the limitations of their fullerene counterparts with absorption extending in 

the visible and NIR, decreased air-sensitivity, and tunable energy levels. Significant progress has 

been made in demonstrating the potential of non-fullerene acceptor based devices to reach high 

efficiencies, however, a photophysical and mechanistic understanding of charge generation in 

these non-fullerene acceptors lags behind. In particular, the effects of annealing on carrier 

production have not been previously examined. Here, we use transient absorption spectroscopy 

and atomic force microscopy to examine the effect of solvent vapor annealing on a perylene 

diimide based non-fullerene acceptor, PDI-DPP-PDI. We find that when mixed with the donor 

PTB7-Th, the effect of solvent vapor annealing on PDI-DPP-PDI is to reduce geminate 

recombination leading to balanced exciton generation and charge separation.   
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As efforts towards the development of sustainable and renewable energy resources 

continue, organic solar cells offer great potential as a leading resource. In order to become 

competitive with commercialized silicon based solar cells, the power conversion efficiency (PCE), 

lifetime, and scalability of organic photovoltaics must first be improved.1–5  Much of the previous 

research on the advancement of organic solar cells has focused on devices with fullerene-based 

acceptors which have high electron affinity and excellent morphology for charge separation and 

carrier transport.6–10 However, fullerene-based acceptors have limited energy level tunability, low 

absorption in the visible and near infrared (NIR) regions, and air-sensitivity which restrict the 

possibility for further progress of device performance with fullerene-based devices.11 In contrast, 

non-fullerene acceptors (NFAs) typically have greater absorption in the visible and NIR regions, 

can be air-stable, and have energy levels that are easily tunable through synthetic modification 

offering more opportunities for the enhancement of device performance and stability of organic 

solar cells.12–16  

While the mechanisms behind charge generation and recombination and the corresponding 

relationship between these mechanisms, morphology, and device PCE are well documented for 

fullerene-based acceptors, the same foundational understanding remains lacking for NFAs 

deterring the progress of NFA devices. Concurrently, this foundational understanding of the 

operation of fullerene-based acceptors is not applicable to NFAs as a result of their differing 

properties.17 In fullerene-based devices, the donor absorbs the majority of sunlight leading to a 

relatively straightforward charge generation process: a singlet exciton forms in the donor domain 

and diffuses to the donor-acceptor interface where electron transfer occurs to form a charge transfer 

(CT) intermediate that dissociates into free charges.18 In contrast, as a result of their significant 

absorption in the visible and NIR, charge generation in NFAs includes a substantial contribution 
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of hole transfer from excitons formed in the acceptor domains. Unlike in fullerene-based acceptors, 

hole transfer in NFAs is dominated by a slow, exciton-diffusion mediated process. NFAs also have 

reported longer exciton diffusion lengths as compared to their fullerene-based counterparts.19–21  

One study found that trying to mimic the architecture of fullerene acceptors in the design of non-

fullerene acceptors led to poor device efficiency further highlighting that the design principles of 

fullerene-based acceptors do not apply to NFAs.22 While some studies have examined these types 

of effects arising from synthetically induced structural changes in NFAs,23 notably, the 

mechanistic effects of annealing on NFAs have not been investigated.  

Transient absorption is a well-suited tool to study the relationship between morphology 

and charge generation and recombination in NFAs because it has the ability to capture hole transfer 

with both selective pump excitation wavelengths and timescales covering tens to hundreds of 

picoseconds. While there has been excellent progress in improving the PCE of non-fullerene 

devices,24–26 the progress in photophysical characterization lags behind hindering further 

improvement.27 A combination of photophysical, morphological, and efficiency characterization 

offers the most complete picture to inform the design of future non-fullerene based devices. In this 

article, we use transient absorption spectroscopy and atomic force microscopy to examine the 

mechanism behind the improved PCE upon solvent vapor annealing (SVA) of the perylene diimide 

based non-fullerene acceptor, PDI-DPP-PDI (structure shown in Figure 1).  
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Figure 1. Structures of the acceptor (PDI-DPP-PDI) and donor (PTB7-Th) molecules used in this 
study.  

McAfee et al. reported the synthesis of PDI-DPP-PDI and demonstrated that when blended 

in a device with the donor PTB7-Th (structure shown in Figure 1), the PCE of the device increased 

from 2.1% for the as-cast device to 5.0% for the SVA device with increased fill factor and short 

circuit current.28 Contrary to other molecules, thermal annealing (TA) was observed to have a 

negligible effect on the morphology of this acceptor (Figure S1). Here, we examine the 

photophysics of the acceptor-only films and donor-acceptor blends under the two different 

annealing conditions (SVA and the control, TA) and demonstrate the central effect of annealing 

(SVA) is a reduction of geminate recombination and a corresponding balance between the amount 

of excitons reaching the donor-acceptor interface and the amount of excitons dissociating to 

charges at that interface with the new orientation of the acceptor molecule. In the TA blends, there 

is an imbalance of a large number of excitons reaching the interface, but only a fraction leading to 

the generation of charges.  
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Methods 

PDI-DPP-PDI (perylene diimide flanked diketopyrrolopyrrole) and PTB7-Th (Poly([2,6′-

4,8-di(5-ethylhexylthienyl)benzo[1,2-b;3,3-b]dithiophene]{3-fluoro-2[(2-

ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl}) were purchased from Sigma Aldrich and used 

as received. Acceptor-only films of PDI-DPP-PDI were spin-coated from 7 mg/mL solutions in 

chloroform at 1500 RPM for 1 minute. Donor-acceptor blends were spin-coated from a total of 

~12 mg/mL solutions in chloroform (ratio 60:40 PDI-DPP-PDI:PTB7-Th) at 1500 RPM for 1 

minute. In the case of the solvent vapor annealing, substrates were placed in an enclosed jar and 

exposed to 0.5 mL of chloroform for 5-8 minutes. Absorption spectra were matched to the 

previously reported spectra upon solvent vapor annealing of PDI-DPP-PDI.28 In the case of 

thermal annealing, substrates were heated on a hot-plate at 100°C for 5 minutes. Absorption 

measurements were conducted using a UV-Vis Cary 6000i Spectrometer. Fluorescence and 

quantum yield measurements were taken using a Horiba PTI QuantaMaster 400 

Spectrofluorometer. Absolute fluorescence quantum yield measurements were taken using an 

integration sphere. A detailed description of the pump-probe setup used for the transient absorption 

measurements is provided elsewhere.29 Briefly, a 1 kHz regeneratively amplified Ti:Sapphire laser 

(Coherent Libra) centered at 800 nm with a 45 fs pulse duration and 4 W of power is directed to a 

beam-splitter to produce the pump and probe arms. The reflected part of the light is directed into 

a  commercial optical parametric amplifier (OPerA Solo) to produce the pump wavelengths used 

in this paper. The transmitted and reflected light are both directed into a commercial transient 

absorption spectrometer (Ultrafast Systems Helios) for the transient absorption measurements. The 

pump light is sent through a 500 Hz optical chopper before focusing on the sample. The probe 

pulse is generated by focusing the 800 nm light into a crystal specific for the white light or NIR 

probes used in this paper. All transient experiments were done at magic angle and with nitrogen 
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gas flowing over the samples. Phase and height images for the SVA film were obtained using a 

Bruker NanoMan Atomic Force Microscope. Because of the lower surface roughness of the TA 

film, the phase and height images for the TA film were obtained using the more sensitive Bruker 

Dimension ICON3 Atomic Force Microscope.  

Results & Discussion 

The absorbance maximum of PDI-DPP-PDI in the TA film is 530 nm with an additional 

peak at 500 nm and a broad shoulder centered around 650 nm (Figure 2a). The fluorescence of the 

TA film originates from the PDI excimer state and is broad and centered at 815 nm.30 Upon SVA, 

the absorbance and fluorescence of the PDI-DPP-PDI (Figure 2) thin film changes. In the 

absorbance, a prominent new peak appears around 586 nm along with the presence of two peaks 

in the UV region around 350 nm and 370 nm. The appearance of the new peaks is also 

accompanied by a decrease in the absorbance of the peaks at 500 nm and 530 nm and an increase 

in absorbance of the peak at 300 nm (Figure 2a). These spectral changes indicate a change in the 

orientation of the molecule upon SVA that leads to a decreased PDI transition dipole and an 

increased DPP transition dipole. The new peaks at 586 nm, 350 nm, and 370 nm are attributed to 

DPP absorption.31 The maximum fluorescence peak in the SVA film is 755 nm which is blue-

shifted relative to that of the TA film at 815 nm (Figure 2b). The blue-shift and broadening of the 

fluorescence is also accompanied by an increase in the fluorescence quantum yield with excitation 

at 530 nm from 4.4% in the TA film to 17.3% in the SVA film.  
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Figure 2. Absorption (a) and fluorescence (b) of PDI-DPP-PDI under the two different annealing 
conditions: SVA (solvent vapor annealing) and TA (thermal annealing). Fluorescence excitation 
wavelength is 530 nm. 

The new orientation of the molecule upon SVA that leads to increased intensity of the DPP 

transitions in the steady-state absorption is supported by the excited-state spectra and dynamics 

which also demonstrate increased DPP contribution in the visible region. When exciting the 

acceptor-only films at 530 nm, the shape of the ground state bleach (GSB) in the visible region 

from 450 nm to 600 nm is consistent with the differences in the steady-state absorbance of the 

films under the different annealing conditions with increased intensity around 590 nm for the SVA 

film (Figure 3a,d). The GSB for the SVA film (Fig 3a, purple) features a spectral shape evolution 

in the duration of the experiment, while the GSB for the TA film does not (Figure 3d, red). In the 

region from 640 nm to 800 nm, both films feature a broad excited-state absorption (ESA, Figure 

3b,e). As part of the ESA, the SVA film has an additional sharp peak feature at 780 nm which has 

been previously observed in the transient absorption spectra of DPP.32 Consistent with the 

differences in spectral features, the dynamics across the visible region, shown through 

representative kinetic traces, vary for the SVA film (Figure 3c), but remain constant for the TA 

film (Figure 3f). This signals the contribution of multiple excited-state species to the features in 

the SVA film, but only one excited state species contributing to the features in the TA film. The 
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additional excited-state species contributing to the visible transient absorption features in the SVA 

film is DPP, which has a GSB in the same region.32  

 
Figure 3. Visible transient absorption spectra (a-b, d-e) and selected kinetic traces (c, f) of the 
PDI-DPP-PDI films under the two annealing conditions: SVA (a-c, purple) and TA (d-f, red). 
Films were excited at 530 nm, 8 µJ/cm2.  

In contrast to the visible region where there are overlapping contributions from PDI and 

DPP, the NIR region has dominant features from PDI.33 In particular, the ESA around 1300 nm 

(Figure 4a, c) has been previously attributed to a PDI excimer transition to a higher energy state 

with more charge transfer character.30,34 The relative orientation of stacked PDI molecules and 

thus the electronic coupling between PDIs determines the energy, intensity, and rate of formation 

of the excimer state and corresponding dynamics of the ESA. In the SVA film, the ESA at 1300 

nm rises with a time constant of ~19 ps which is about four times slower than the rise of the ESA 

in the TA film which has a time constant of ~5 ps (Figure 4b, d, Figures S2 and S3).35 The slower 

rise dynamics in the SVA film point to reduced electronic coupling between PDI molecules in the 

excimer state. This is consistent with the greater red-shift and reduced fluorescence quantum yield 
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in the steady-state fluorescence of the TA film, which has stronger coupling and faster formation 

of the excimer state. The spectroscopic results we observe are consistent with a previous study on 

PDI excimers where excimer formation was compared in PDI dimers synthetically forced into a 

slip-stacked structure along the longitudinal axis to PDI dimers in a cofacial arrangement.34 The 

slip-stacked formation led to higher fluorescence quantum yields, blue-shifted excimer 

fluorescence, and decreased rate of excimer formation.  Because this is the same trend we observe 

in going from the TA films to the SVA films, the new orientation of the PDI molecule in this study 

upon SVA likely displaces the stacked PDIs along the longitudinal axis in a similar manner leading 

to the same observed reduction in electronic coupling. Because the excimer state can act as an 

exciton trap, the orientation of the molecule in the SVA film is expected to be better for device 

performance.36  

 
Figure 4. NIR transient absorption spectra (a, c) and selected kinetic traces (b, d) of the PDI-DPP-
PDI films under the two annealing conditions: SVA (a, b) and TA (c, d). Films were excited at 530 
nm, 8 µJ/cm2. 
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To determine how the change in acceptor orientation upon SVA relates to the observed 

changes in device performance upon SVA, we studied the photophysics of blends of the PDI-DPP-

PDI acceptor paired with the donor PTB7-Th under the two annealing conditions. The donor-

acceptor ratio was selected to be the previously reported optimized donor-acceptor ratio for 

photovoltaic devices with this acceptor: 60:40 PTB7-Th:PDI-DPP-PDI.28 When blended with the 

donor PTB7-Th, PDI-DPP-PDI exhibits the same changes in absorbance upon SVA that were seen 

with the acceptor-only films indicating the change in orientation upon SVA in the acceptor-only 

film is also present and significant in the blend (Figure 5a). The absorbance of the donor 

component in the SVA blend is slightly blue-shifted compared to the absorbance of the donor-only 

film (Figure S4). The fluorescence maximum of the SVA blend is again blue-shifted relative to 

that of the TA blend at 810 nm as compared to 845 nm. Under the same excitation conditions, the 

fluorescence of the TA blend is more intense than that of the SVA blend (Figure 4a, Figure S5). 

The fluorescence quantum yield of both the SVA and TA blends at primary excitation of either 

donor or acceptor is reduced to around 1%. The quenching of the fluorescence of the acceptor in 

the presence of the donor is more significant for the SVA blend than the TA blend. The decrease 

in fluorescence quantum yield from the SVA acceptor-only film to the SVA donor-acceptor blend 

(17.3% to 1%) was significantly greater than the corresponding decrease for the fluorescence 

quantum yield of the TA acceptor-only film to the TA donor-acceptor blend (4.4% to 1%).  
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Figure 5. (a) Blend absorption (solid) and fluorescence (dotted, ex. 530 nm) for the films prepared 
with SVA (blue) and TA (red). Inset shows normalized blend fluorescence. (b) AFM height (left) 
and phase (right) images of the SVA (top) and TA (bottom) blends. Surface roughness for the SVA 
film was 2.4 nm and for the TA blend was 0.6 nm. 

Atomic force microscopy (AFM) was used to probe the morphological differences of the 

blends under the two annealing conditions. The AFM height and phase images reveal the presence 

of qualitatively larger domains in the SVA film (Figure 5b top) as compared to the TA film (Figure 

5b bottom). The TA film appears to have a more finely intermixed blend of donor and acceptor 

domains. The SVA film also shows the presence of small aggregates with a larger surface 

roughness (~2.4 nm) than the TA film (surface roughness ~0.6 nm). The surface roughness of the 

SVA blend is consistent with previous reports.28 The new orientation of the acceptor molecule 

upon SVA that led to the spectroscopic differences shown in Figures 2-5 also leads to the formation 

of the larger domains in the blend. These morphological differences lead to differences in charge 

generation and recombination which will be revealed in the transient absorption studies. 

Transient absorption spectroscopy was performed in the visible and the NIR regions with 

selective excitation of the donor and the acceptor in both the SVA and TA blends. Because NFAs 

absorb in the visible region (unlike their fullerene counterparts), hole-transfer from the acceptor to 

the donor is a significant process in determining overall device efficiency and it is therefore 
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important to study how the dynamics and spectral features change with excitation of the donor 

versus excitation of the acceptor under the two annealing conditions. We begin here with primary 

excitation of the donor (excitation 710 nm). In both the SVA (blue) and TA (red) blends, the GSB 

(Figure 6a-b) features a dominant contribution from the donor (Figure S6). In the NIR (Figure 6d-

e), there are two features of interest also from the donor: the donor polaron feature (P+) and the 

donor singlet exciton feature (Ex). Both of these features have been previously assigned in a blend 

with the same donor, PTB7-Th, but other acceptors.22 The donor polaron signal is unique to the 

blend while the Ex feature is present in the donor-only film spectra (Figure S6). Furthermore, the 

donor polaron signal is indicative of the formation of free charges on the donor while the decay of 

the Ex feature is associated with exciton transport from the donor domain to the interface. In the 

SVA blend, there is a greater Ex signal present at early times (Figure 6d) and a corresponding 

slower decay of this Ex feature (Figure 6f) with an initial time constant of approximately 2.5 ps  

as compared to the TA blend with an Ex decay initial time constant of approximately 700 fs 

(Figures S7 and S8). At the earliest timescales before charge transfer has occurred and with 

primary excitation of the donor, the main contributor to the GSB is also the donor exciton signal. 

Consistent with the time constants for the NIR Ex feature, the initial time constant of the decay of 

the donor GSB feature in the SVA blend is slower at about 1.5 ps as compared to the TA blend 

GSB with an initial time constant of around 300 fs (Figure 6c, Figures S9 and S10). These 

observations are also supported by the AFM images that reveal the TA blend has small intermixed 

domains which leads to faster exciton arrival at the interface and consequently a larger number of 

excitons reaching the interface. The magnitude and dynamics of the donor polaron signal are 

comparable in both the TA and SVA blends (Figure 6d-f) indicating a similar quantity of charge 
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generation in both blends with excitation of the donor despite the slower exciton arrival at the 

interface in the SVA blend.  

 
Figure 6. Transient absorption spectra and dynamics of the SVA (blue) and TA (red) blends when 
exciting the donor (710 nm, 4 µJ/cm2). D is the donor bleach, Ex is the donor singlet exciton, P+ 
is the donor polaron signal.  

We now transition to excitation of the acceptor in the blends. In the visible region, we 

observe hole-transfer through a rise in the signal of the bleach of the donor and a concomitant 

decay of the bleach of the acceptor (Figure 7a-b, indicated with arrows) for both the TA and SVA 

blends. In blends with NFAs, hole-transfer has been demonstrated to be a biphasic process with an 

ultrafast interfacial component followed by a dominant slow but efficient diffusion-mediated 

component on the timescale of hundreds of picoseconds.27,37–40 Here, we observe this dominant 

slow and efficient hole-transfer in the GSB dynamics of both the TA and SVA blends (Figure 7e). 

The larger rise in the donor GSB signal in the TA blend signals greater hole-transfer efficiency 

(Figure 7b, e). However, the donor GSB signal contains all of the products of charge transfer which 

include both separated charges and bound charge transfer (CT) excitons.41 As a result, the 
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increased hole transfer efficiency does not necessarily lead to greater free charge generation and 

device performance as we know the TA photovoltaic device has been reported to have poorer 

device performance as compared the SVA device. To probe the generation of free charges without 

the other products of charge transfer, we monitor the donor polaron signal in the NIR (Fig. 7c,d). 

The large discrepancy in the signal intensities of the donor GSB and the donor polaron for the TA 

blend (Figure 7e, red) is an indication of geminate recombination where bound CT excitons 

contributing to the donor GSB recombine instead of separating into free charges. By comparing 

the signal intensities at their peaks, the donor polaron signal and indicator of free charge generation 

constitutes only 33% of the signal of all products of charge transfer in the TA blend. In contrast, 

in the SVA blend, the donor GSB signal (Figure 7e, blue) is equal in magnitude to the donor 

polaron signal indicating the hole transfer leads directly to the generation of free charges with 

reduced geminate recombination. The balanced exciton generation and charge separation observed 

in the transient dynamics of the SVA blend and absent in the dynamics of the TA blend is a 

contributing factor to the observed increase in device performance with SVA. The results of this 

paper are summarized in Scheme 1 below. 
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Figure 7. Transient absorption spectra and selected dynamics of the SVA (blue) and TA (red) 
blends when exciting the acceptor (530 nm, 4 µJ/cm2). 

Conclusion 

 

Scheme 1. Pictorial summary of the results of the paper. The changes in the geometry of the 
acceptor molecule upon SVA, as confirmed in the spectroscopy on the acceptor-only films, leads 
to the formation of larger acceptor domains in the SVA donor-acceptor blends (evidenced by the 
larger blue domains in the film and close-up of the interface above). The larger domains lead to 
longer distances for excitons to reach the donor-acceptor interface and a reduced number of 
excitons thus reaching the interface. However, excitons that reach the interface generate charges 
through charge separation. In contrast, in the TA film, a greater number of excitons reach the 
interface, however, at the interface, excitons are more likely to recombine than to separate and 
form free charges.  

 The spectroscopic characterization of the acceptor-only and donor-acceptor blend films 

reveals a complex picture of why the PCE of devices with PDI-DPP-PDI is increased upon SVA. 

The spectroscopy on the acceptor-only films indicated a new orientation of the molecule with SVA 

that led to a more prominent DPP contribution and reduced electronic coupling between PDIs on 

stacked molecules. The new orientation was also present in the SVA blends and is favorable for 

reducing recombination in a device. In the blends, TA leads to better miscibility and smaller size 

of donor and acceptor domains (Figure 5b) which we have demonstrated leads to the positive 
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characteristics of faster exciton arrival at the charge-generating donor-acceptor interface (Figure 6 

and 7) and greater hole transfer efficiency (Figure 7b, e) as compared to the SVA blends. However, 

the orientation of the molecules in the TA blend film leads to the detrimental effects of greater 

recombination as evidenced by the stronger fluorescence (Figure 5a) and reduced free charge 

generation (Figure 7e). Using several spectroscopic techniques, including transient absorption 

spectroscopy, we were able to present a complete analysis of the effects of annealing on device 

performance in organic photovoltaics with PDI-DPP-PDI. Specifically, the effect of SVA is to 

engineer a more favorable orientation of the acceptor molecule that leads to balanced exciton and 

charge generation with reduced geminate recombination. 
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