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ABSTRACT  

 

Disentangling temporally-overlapping charge carrier recombination events in organic bulk 

heterojunctions by optical spectroscopy is challenging. Here, a new methodology for employing 

delayed luminescence spectroscopy is presented. The proposed method is capable of distinguishing 

between recombination of spatially-separated charge carriers and trap-assisted charge recombination 

simply by monitoring the delayed luminescence (afterglow) of bulk heterojunctions with a quasi time-

integrated detection scheme. Applied on the model composite of the donor poly(6,12-dihydro-

6,6,12,12-tetraoctyl-indeno[1,2-b]fluorene-alt-benzothiadiazole) (PIF8BT) polymer and the acceptor 

ethyl-propyl perylene diimide (PDI) derivative, i.e. PIF8BT:PDI, the luminescence of charge-transfer 

(CT) states created by non-geminate charge recombination on the ns – μs time scale is observed.  

Fluence-dependent, quasi time-integrated detection of the CT luminescence monitors exclusively 

emissive charge recombination events, while rejecting the contribution of other early-time emissive 

processes. Trap-assisted and bimolecular charge recombination channels are identified based on their 

distinct dependence on fluence. The importance of the two recombination channels is correlated with 

the layer’s order and electrical properties of the corresponding devices. Four different microstructures 

of the PIF8BT:PDI composite obtained by thermal annealing are investigated. Thermal annealing of 

PIF8BT:PDI shrinks the PDI domains in parallel with the growth of the PIF8BT domains in the blend. 

Common to all states studied, the delayed CT luminescence signal is dominated by trap-assisted 

recombination. Yet, the minor fraction of fully-separated charge recombination in the overall CT 

emission increases as the difference in the size of the donor and acceptor domains in the PIF8BT:PDI 

blend becomes larger. Electric field-induced quenching measurements on complete PIF8BT:PDI 

devices confirm quantitatively the dominance of emissive trap-limited charge recombination and 

demonstrate that only 40% of the PIF8BT/PDI CT luminescence comes from the recombination of 

fully-separated charges, taking place within 200 ns after photoexcitation. The method is applicable to 

other non-fullerene acceptor blends beyond the system discussed here, if their CT state luminescence 

can be monitored. 
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Introduction 

Bulk heterojunction organic photovoltaic (OPV) devices 1, 2 offer a promising route towards 

fabrication of low-cost solar cells of high efficiency, 3 capable to support several technologically 

important applications including building integrated photovoltaics, 4 indoor power generation for 

portable devices, 5 and low-power driven wearable electronic circuits. 6 

Typical OPV device geometries comprise thin photoactive layers of blend systems prepared by 

electron donating polymeric matrices mixed with electron accepting molecules. 7 Following light 

absorption by the OPV film, photo-induced charge transfer (CT) reactions at a large number of 

donor/acceptor interfaces facilitate the formation of electrostatically correlated electron-hole pairs, 

most widely defined as interfacial CT states. 8 For several OPV material combinations, the 

spectroscopic signature of interfacial CT states is the appearance of a typical exciplex 

photoluminescence (PL) signal that is driven by the recombination of geminate charge pairs, and that 

is spectrally red shifted with respect to the luminescence signal of the OPV components alone. 9 

Alternatively, the complete separation of the geminate charge pairs quenches the exciplex 

luminescence, thereby leading to the creation of free carriers that can be extracted at the device 

electrodes. Apart from providing evidence for the efficient generation of electron-hole pairs, the PL 

signal of the CT state serve as a marker for the maximum open circuit voltage (Voc) that can be obtained 

by the OPV combination under study. 10, 11 

In both processes of charge pair generation and full separation, the impact of layer order holds a major 

key-role; the optimized heterojunction microstructure 12 of the donor/acceptor interface not only affects 

the efficiency of generation and dissociation of the interfacial CT state at early time scales after light 

absorption, but it also favours free charge recombination at much longer time delays when charge 

carrier mobility is low or when charges become trapped at structural defects present in the OPV layer.  

Ideally, a bi-continuous network of coarsened, well-ordered donor and acceptor phases in the bulk 

heterojunction film is required to support the dissociation of the promptly formed interfacial CT states 
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and to assist the transport of free carriers towards the device contacts. 13-16 In practice, however, the 

performance of OPV devices is limited by factors linked to inappropriate heterojunction morphologies 

that either promote the recombination of geminate charges, or impede charge transport and increase 

the probability for free charge recombination at the expense of charge extraction efficiency. 17-21 In 

addition, owing to the limited order of OPV bulk heterojunction layers, a large concentration of 

structural defects enhances the losses caused by the trap-limited charge recombination route. 22, 23 

Another important loss channel is the recombination of free charge carriers that proceeds via the 

formation of an encounter complex 24 and that activates the interfacial CT states at longer time scales. 

Both types of non-geminate charge recombination can sometimes be emissive manifesting in the 

activation of μs time-scale delayed CT luminescence of the composite. 11, 25 It is not surprising that 

well-ordered donor/acceptor interfaces facilitate a high photocurrent generation efficiency for devices, 

but they can also enable a strong delayed CT luminescence. 26 Throughout the text below the term non-

geminate recombination will be used for generally referring to the processes of trap-limited and free 

charge recombination. 

In optical spectroscopy, the phenomenon of afterglow is widely known from the area of inorganic 

phosphors. 27 Afterglow effects correspond to the persistent luminescence originating from impurities 

in the material structure that act as trap-sites. 28 Afterglow effects can also be utilized in organic 

material structures for developing photonic devices. 29, 30 The lifetime of charge carriers in some 

organic materials may be in the order of 2 hours, 31 therefore the spectroscopic study of organic 

afterglow can become a valuable tool for monitoring the decay pathways of photogenerated charges in 

photoactive composites. 

In most of the developed OPV systems, the decay pathways of charges are activated by geminate and 

trap-limited charge recombination processes and are responsible for losses in the short-circuit 

photocurrent. Notably, these losses are mainly linked to OPV device platforms that are best described 
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by a single-diode equivalent circuit diagram. 32 Conversely, the recombination of free charges 

(bimolecular) leads to the reduction of Voc in the OPV device.  

The minimization of the recombination losses in OPV systems is of paramount importance for the 

development of high-performance OPV devices. 33 To this end, non-geminate charge recombination 

can be monitored by a limited number of experimental techniques such as transient absorption, 34 time-

delayed collection-field, intensity modulated photocurrent/photovoltage spectroscopy, 35 microwave 

resonance, 36 time‐resolved microwave conductance and photo‐CELIV (charge extraction by linearly 

increasing voltage). 24, 37 Especially for the case of new emerging molecular structures of non-fullerene 

based electron acceptors, non-geminate charge recombination losses seem to dictate the overall 

performance of the corresponding OPV devices therefore the detailed study of this particular loss 

channel should be further pursued by the broader community of OPV technologists. To enable the 

identification of the optimum material combinations for the plethora of materials generated, more 

experimental tools are sought to support the fast material screening in a straightforward and reliable 

manner. 

Here we present a new a methodology of material screening that utilizes the spectroscopic technique 

of delayed luminescence for discriminating trap-assisted and bimolecular charge recombination in 

OPV composite films. We adapt an experimental characterization approach whereby the two different 

types of non-geminate charge recombination that occur on comparable time scales can be well resolved 

with the application of quasi steady-state afterglow detection scheme as a function of photoexcitation 

intensity. The applicability of the proposed methodology is demonstrated by studying the fullerene-

free OPV bulk heterojunction system comprising the poly(6,12-dihydro-6,6,12,12-tetraoctyl-

indeno[1,2-b]fluorene-alt-benzothiadiazole) (PIF8BT) copolymer mixed with the ethyl-propyl 

perylene diimide (PDI) derivative. The PIF8BT:PDI composite is an ideal model system due to the 

capability of its thin films to exhibit CT afterglow driven by emissive non-geminate recombination. 25, 

26 Our proposed quasi steady-state afterglow detection scheme is discussed in light of detailed 
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information on the structural motifs of the PIF8BT:PDI blend, and the electrical properties of the 

corresponding OPV devices. As such, a rigorous correlation between the delayed luminescence 

detection, layer order and device performance is established that can be of great value in the effort to 

understand similar OPV composite systems. 

 

Experimental 

Materials: The protocol for the synthesis of PIF8BT (batch code WZ/08/023) has been described 

elsewhere. 25 PDI and poly(styrene) (PS) were purchased from Solarmer and Sigma-Aldrich 

respectively and used as received. 

Thin film preparation: PIF8BT:PDI and PS:PDI solutions were prepared in chloroform with a 18.75 

mg/ml PIF8BT mass concentration, and with a 2:3 PIF8BT:PDI composition ratio. Solutions were 

spun at 3000 rpm for 1 min onto pre-cleaned fused silica quartz (spectrosil B) substrates and thermal 

annealing was performed in a range of temperatures between 50 - 150 °C for 15 min. For all layers, 

film development was performed in a N2-filled glovebox and the thickness of the obtained films was 

kept in the range of 100 nm, as determined by a Dektak profilometer (Bruker, D150). 

UV-Vis and photoluminescence characterization: UV–vis absorption and PL spectra of the fabricated 

films were recorded with UV-2700 Shimadzu spectrophotometer and a Horiba Jobin Yvon NanoLog 

spectrofluorimeter, respectively. 

Device fabrication: All PIF8BT:PDI and PS:PDI devices were fabricated by using commercially 

available ITO substrates (XY15S, surface polished glass/Indium Tin Oxide substrates from Xin Yan 

Technology Ltd.). The ITO substrate was ultrasonically cleaned using acetone and isopropanol for 15 

min. After preliminary cleaning, the substrate was washed with Hellmanex III to remove contaminants 

and residues from the ITO surface. The substrate was again cleaned with DI water followed by acetone 

and isopropanol for 15 min and soon after placed in oxygen plasma (100 W power) for 10 min. For 

conventional device geometry samples with the glass/ITO/PEDOT:PSS/polymer:PDI/Al 
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configuration, a PEDOT:PSS hole-collecting layer was deposited on the glass/ITO electrodes by spin-

coating and it was annealed at 140 °C for 30 min. Then the substrates were transferred in a N2-filled 

glovebox and the photoactive layers (PIF8BT:PDI or PS:PDI) were spun on the PEDOT:PSS layer. 

The deposition of the Al metal electrode was enabled thermal evaporation in vacuum (1 × 10–6 mbar) 

on top of the photoactive layers. For inverted device geometry samples with the glass/ITO/zinc oxide 

(ZnO) /PIF8BT:PDI/V2O5/Ag  configuration, a ZnO electron-collecting layer was deposited on the 

glass/ITO substrate by spin-coating and it was annealed at 140 °C for 30 min. Then the substrates were 

transferred in a N2-filled glovebox and the PIF8BT:PDI photoactive layer were spun on ZnO. The 

deposition of the V2O5 interlayer and the Ag electrode was performed by thermal evaporation in 

vacuum (1 × 10–6 mbar) on top of a photoactive film. Annealing of the devices was performed after 

completing top electrode deposition. Both conventional and inverted device geometry devices were 

encapsulated with degassed epoxy and glass slide of 1 mm thickness in the glovebox.  

Photovoltaic performance and external quantum efficiency characterization: The photovoltaic 

performance of the fabricated solar cells was studied by recording the J-V metrics of the devices under 

simulated solar light (AM1.5G, 78 mW cm–2 irradiance), and external quantum efficiency (EQE) was 

determined with monochromatic illumination. 

Space charge limited current device characterization: Unipolar devices were fabricated by keeping 

the same protocol used for the PIF8BT:PDI photoactive layer preparation. Hole-only devices were 

prepared based on the glass/ITO/PEDOT:PSS/PIF8BT-PDI/Au configuration while the device 

configuration of the electron-only devices was glass/ITO/ZnO/PIF8BT-PDI/Ca/Al 

Intensity dependent photocurrent and photovoltage device characterization: A diode pumped solid-

state cw-laser (DPGL2010F, Lambda Photometrics) was used for photoexciting a set of encapsulated 

PIF8BT:PDI devices with photoactive layers annealed at different temperatures at 532 nm. The laser-

induced short-circuit photocurrent and open-circuit voltage of the devices were recorded with a 

Keithley electrometer (Source Meter Unit 2401). The laser output (10 mW, 1 mm diameter) was 



8 

 

progressively attenuated with the use of combined neutral density filters of known transmittance values 

at the photoexcitation wavelength. All measurements were performed in ambient, and excellent 

reproducibility of the measured photocurrent was found.  

Atomic force microscopy characterization: The surface topography of the developed PIF8BT:PDI 

composite films was studied by atomic force microscopy using an Agilent 5500 in tapping mode under 

ambient conditions. Topography and phase images were recorded simultaneously. 

2-D wide angle x-ray scattering characterization: Wide-angle X-ray scattering measurements were 

carried out with a Rigaku MicroMax 007 rotating anode X-ray generator with a maximum power of 

800 W and brightness of 18 kW/mm2 (operated at a tube voltage of 40 kV and tube current of I = 12 

mA (480 W)) utilizing a Cu target. The detection system was a MAR345 image plate area detector, 

and the sample-to-detector distance was set at 32.5 cm. Extruded fibers (extrusion temperature ∼100 

°C) were prepared using a microextruder following cooling to ambient temperature. Subsequently, the 

filaments were inserted in a capillary and heated from 30 to 200 °C, in 10 °C steps. At every 

temperature the diffraction pattern was recorded for 1 h following a 30 min stabilization interval. From 

the recorded 2-D diffraction patterns the intensity distributions were obtained and presented as a 

function of the modulus of the scattering vector q [q = (4π/λ)sin(2θ/2), where 2θ is the scattering angle]. 

Domain sizes were determined from the peak full-width at half-maximum (FWHM). 

Time-integrated and time-gated gated delayed luminescence characterization of films and devices: 

Time-integrated and time-gated spectra of the studied systems were recorded at room temperature. The 

samples were photoexcited with the output of an optical parametric oscillator (Spectra-Physics 

VersaScan Midband 120) pumped by the third harmonic of a Nd:YAG Laser (Spectra-Physics INDI-

40-10-HG)  at 530 nm by a train of 10 ns pulses at a repetition rate of 10 Hz. No focal lens was used 

for the photoexcitation of the samples, and a laser spot size of 0.385 cm2 was kept for all samples 

measured. The emitted light was dispersed in a spectrograph (Andor Shamrock Spectrograph, SR303i) 

with a 150 lines per millimeter grating and detected with a gated intensified charge-coupled device 
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camera (Andor iCCD, iStar DH320T-25U-73). Intensity dependent time-gated kinetics were acquired 

by keeping the delay-step and gate-width values fixed at 500 ns. Quasi-cw delayed luminescence 

characterization was enabled by a delay-step of 50 ns and a gate-width of 1 ms. During the 

spectroscopic characterization, the samples were kept in a liquid-nitrogen variable-temperature 

cryostat (Janis VPF-100) that was evacuated by a turbomolecular pump (Pfeiffer TSH 071E Economy 

Dry Vacuum Pumping Station) so that a dynamic vacuum of a typical pressure of 10−7 mbar was 

maintained during the measurements. Photoexcitation intensity-dependent measurements were 

performed by using the combination of a set of neutral density filters of known transmittance values 

at 532 nm. A DC power supply, (Agilent, E3617A 60W, 60V, 1A) was used for biasing the 

PIF8BT:PDI and PS:PDI devices in a range of different voltages during the spectroscopic 

characterization, thereby enabling electric-field induced quenching experiments of delayed 

luminescence in operative PIF8BT:PDI and PS:PDI photodiode devices. 

 

Results 

The study of the PIF8BT:PDI system was performed with a series of spectroscopic and structural 

characterization techniques involving UV-Vis absorption, PL, atomic force microscopy (AFM) and 

wide-angle X-ray scattering (WAXS) measurements, in combination with the electrical 

characterization of the corresponding PIF8BT:PDI devices. In all cases the content of PDI in the blend 

was kept to 60 wt%. 25, 26 The chemical structure of the materials studied, and their frontier orbital 

alignment 25 is presented in Figure 1a. 

 

Optical and electrical characterization 

Figure 1b presents the UV-Vis absorption spectra for a set of PIF8BT:PDI blends processed at different 

thermal annealing protocols. 
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Figure 1. a) The frontier orbital alignment of the PIF8BT and PDI materials used in this study together 

with the work function energies of the PEDOT:PSS hole-collecting and the Al electron-collecting  

electrodes. b) Absorption spectra of PIF8BT:PDI blend films deposited on quartz substrates before 

thermal annealing (as-spun, open squares) and after thermal annealing at 50 C (open circles), 100 C 

(open up-triangles) and 150 C (open down-triangles). c) External quantum efficiency spectra of 

PIF8BT:PDI photovoltaic devices with photoactive layers before thermal annealing (as-spun, filled 

squares) and after thermal annealing at 50 C (filled circles), 100 C (filled up-triangles) and 150 C 

(filled down-triangles) 

 

The UV-Vis absorption spectrum of the PIF8BT:PDI bulk heterojunction spans the 350 – 600 nm 

spectral range due to the superposition of the absorption spectra  of the PIF8BT and PDI components 

alone. Notably, even at the highest annealing temperature used (150C) the characteristic absorption 

peak of the PDI crystallite at 590 nm 38 is not detectable. Yet, the reduced absorption intensity at around 

530 nm that is observed together with the main absorption band at around 450 nm verify that 

aggregation of the PDI component takes place following thermal annealing.  

Photodiode devices of the glass/ITO/PEDOT:PSS/PIF8BT:PDI/Al geometry were fabricated and the 

PIF8BT:PDI photoactive layers were thermally annealed between 50 – 150 C. For these systems, the 

external quantum efficiency (EQE) spectra are shown in Figure 1b. In line with the UV-Vis spectra, 
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the corresponding EQE device response verifies a substantial photocurrent generation efficiency in the 

spectral range of 350 – 600 nm. In particular, the maximum photocurrent is produced by the device 

with a PIF8BT:PDI photoactive layer annealed at 100 C; a maximum EQE of 18.6% is obtained at 

475 nm where the PDI mainly absorbs as the major component of the PIF8BT:PDI heterojunction.  

Steady-state PL characterization experiments (Supporting Information, Figure S1) confirm that the 

quenching of the PDI luminescence is gradually reduced as the thermal annealing temperature 

increases, 26, 39 suggesting that less PDI excited states dissociate at the annealed PDI/PIF8BT 

interfaces. However, dark J – V  measurements (Supporting Information, Figure S2) performed for 

optimized single-carrier PIF8BT:PDI devices find that electron and hole mobility values are balanced 

when the PIF8BT:PDI layer is annealed at 100 C. Zero-field hole-(μh) and electron- (μe) mobility for 

each annealing temperature was deduced  based on the Mott–Gurney equation by considering the 

Poole–Frenkel effect. 40 Table 1 reports the overview of the extracted charge carrier mobility values 

for these systems, suggesting that the inefficient PL quenching is compensated by optimized charge 

transport.  

 

Table 1. Overview of zero-field charge carrier mobility values and WAXS data 

 

The photovoltaic performance of the PIF8BT:PDI system was evaluated by the electrical 

characterization of PIF8BT:PDI devices illuminated under simulated solar light conditions. The main 

device metrics of the PIF8BT:PDI devices, namely the short-circuit photocurrent density (Jsc), Voc, fill 

factor (FF) and power conversion efficiency (PCE) were determined (Supporting Information Figure 

Annealing 

temperature 

μh (cm2/V•sec) μe (cm2/V•sec) PDI 

column 

length 

(nm) 

PDI domain 

size (nm) 

PIF8BT 

domain 

size 

(nm) 

As-spun 9.8 × 10-8  ± 2.5 × 10-9 1.2 × 10-7  ± 4.0× 10-9 12 ± 2  27 ± 2  6 ± 1  
50 C 4.9 × 10-8  ± 5.7× 10-10 0.8 × 10-7  ± 2.8× 10-9 13 ± 2 28 ± 2 6 ± 1 

100 C 3.8 × 10-8  ± 6.8 × 10-10 0.9 × 10-7  ± 4.5× 10-9 16 ± 1 18 ± 1 11 ± 1 

150 C 8.2 × 10-6  ± 1.1× 10-7 5.8 × 10-7  ± 2.1× 10-7 15 ± 1 18 ± 1 18 ± 1 
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S3). Since conventional OPV device geometries with bottom PEDOT:PSS hole-collecting electrodes 

consistently underestimate the  performance of PDI-based OPV bulk heterojunctions, 41 we have 

additionally studied the photovoltaic performance of inverted OPV devices with the 

glass/ITO/ZnO/PIF8BT:PDI/V2O5/Ag device configuration. Following thermal annealing, these 

devices performed better with an improvement in the order of ~ 40% for Jsc and of ~ 15% for Voc. 

Further characterization of the inverted OPV PIF8BT:PDI devices was carried out under variable 

photoexcitation intensity (Iexc) of continuous-wave (cw) laser light at 532 nm.  Figure 2 presents the 

photoexcitation dependent response of Jsc and the Voc parameters of the as-spun and annealed devices. 

The excitation dependence of the two parameters is best described by the functional forms Jsc  Iexc
β 

and Voc s (kT/q) ln(Iexc), respectively. In the latter, k corresponds to the Boltzmann constant, T to the 

absolute temperature and s to the thermal voltage (kT/q) coefficient. 42 
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Figure 2. a) Photoexcitation-intensity dependent photocurrent density of PIF8BT:PDI inverted OPV 

devices with as-spun (open squares), and thermally annealed at 100 C (open circles) photoactive 

PIF8BT:PDI layer. b) Photoexcitation-intensity dependent open circuit voltage of PIF8BT:PDI OPV 

devices with as-spun (filled squares), and thermally annealed at 100 C (filled circles) photoactive 

PIF8BT:PDI layer. In both cases photoexcitation was at 532 nm. 

 

 

Although in absolute terms Jsc increases after thermal annealing, the value of the exponent in the 

power-law reduces from 0.81 to 0.69, keeping the device performance to non-optimized levels. The 

obtained sublinear dependence of Jsc on Iexc indicates that at short-circuit conditions either a space 

charge accumulates across the PIF8BT:PDI photoactive layer or that bimolecular recombination takes 

place in the device. 43 We suggest the latter because the magnitude in the change of the hole/electron 

mobility ratio after thermal annealing (see in Table 1) is not as high as the change in the slope β of the 

power-law. Therefore any increase in the inhomogeneous distribution of charges across the 

PIF8BT:PDI layer that could enhance the accumulation of space charge after thermal annealing can be 

ruled out. 
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At Voc conditions the description of device operation becomes more complex.  Regardless of the 

annealing temperature used, the obtained thermal voltage coefficients are in the range s=3 – 4; that is 

much higher than the typical value of s=1 that corresponds to free charge recombination losses. 20, 44 

Indeed, the unusually high s values imply that PIF8BT:PDI devices deviate strongly from the typical 

one-diode model that is accustomed for describing the operation OPV systems. In fact, high thermal 

voltage coefficients are endemic in a broad variety of PDI-based OPV composites  prepared by many 

different polymeric donors (Supporting Information Figure S4). 41 Disk-shaped PDI electron acceptors 

have the tendency to self-organize in multilength scale mesostructures. 39 It is very likely this type of 

microstructure to contain a large concentration of physical defects that serve as electron traps. At this 

stage, the nature of the proposed physical defects is elusive. A careful inspection of the electron 

mobility values reported in Table 1 suggests that electron mobility in the PIF8BT:PDI composite is 

practically unaffected by thermal annealing. It remains unchanged, staying in the order of 10-7 cm2 V-

1 sec-1, and only when the PIF8BT:PDI photoactive layer is annealed at 150 C, a nearly 6-fold increase 

is observed. It is plausible (see below) that the proposed defect sites are related to the disordered 

fraction of PDI molecules located between the ordered PDI domains, where electrons are trapped, and 

their transport is limited. 

 

Morphology and structure characterization 

The observed resilience of electron transport properties on thermal annealing is in line with the 

obtained UV-Vis results of the PIF8BT:PDI system where no substantial concentration of well-ordered 

PDI crystallites could be inferred. Further insight concerning the impact of thermal annealing on the 

structure of the PIF8BT:PDI composite in the mesoscopic and molecular length scales was gained by 

AFM imaging of films and WAXS experiments on extruded PIF8BT:PDI fibers, respectively. 

 The acquired AFM images presented in Figure 3 demonstrate that despite the apparent inertness of 

the charge transport properties of thermally annealed PIF8BT:PDI layers, the mesoscopic organization 
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of the blend components is progressively changing with thermal annealing. Thermal processing 

triggers demixing of the blend components leading to a coarser separation of phases as the temperature 

rises from 50 C, to 100 C and to 150 C. The typical surface texture of the PDI macro-crystals can 

be clearly observed in the PIF8BT:PDI films annealed at 100 C and to 150 C, although the formation 

of the PDI macro-crystals is observed also in the AFM image of the PIF8BT:PDI layer annealed at 50 

C. 

 

 

Figure 3. Atomic force microscopy images of PIF8BT:PDI blend films deposited on 

glass/ITO/PEDOT:PSS electrodes before thermal annealing (as-spun) and after thermal annealing at 

50 C (open circles), 100 C (open up-triangles) and 150 C. 
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Figure 4. WAXS intensity distributions plotted as a function of the modulus of the scattering vector 

a) 50 oC and b) at 150 oC for PDI (black), PIF8BT (blue) and the blend PIF8BT:PDI (red). Vertical 

black and blue lines indicate reflections originating from PDI and PIF8BT, respectively. WAXS 

intensity contour plots as a function of the modulus of the scattering vector (q) for the blend 

PIF8BT:PDI for q ranges between c) 3 – 8 nm-1 and d) 16 – 20 nm-1.  Data are obtained on heating. 

Horizontal black rectangles indicate the temperature range of two phase transitions (see text).  In c), 

diffraction peaks corresponding to PIF8BT and PDI are contained within the white and red rectangles, 

respectively.  

 

Deeper insight on the nanostructured packing motifs of the PIF8BT:PDI composite as a function of 

thermal processing is gained by WAXS. The WAXS study was carried out both for the PIF8BT:PDI 

blend system, as well as for the PIF8BT copolymer and PDI molecular electron acceptor alone. Figure 

4a, b provide the WAXS patterns of the PDI, the PIF8BT and their blend at two temperatures. Figure 

4c, d present iso-intensity contour plots of the WAXS data as a function of the magnitude of the 

scattering vector (2D-WAXS intensity images are provided in Supporting Information Figure S5). The 

latter reveal a broad reflection at lower q associated with the (100) reflection of stacked PIF8BT 
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backbones (characteristic distance of ~ 1.8 nm) and an additional reflection at q ~ 5.2 nm-1 at higher 

temperatures originating from the polymer with a peculiar temperature dependence. The most intense 

reflections, however, originate from PDI. Several other features are worth commenting. By following 

the PIF8BT and PDI reflections as a function of temperature two phase transformations are evident 

(shown by the horizontal black lines in Figure 4c); one at ~ 60 oC (see the PDI reflection at q~6.5 nm-

1) revealing changes in the PDI unit cell and another at ~ 150 oC which is common to the polymer and 

PDI (corresponding reflections at ~ 5 nm-1 and ~ 6 nm-1). We mention here the similarities of the 

temperature location of the two phase transitions with another PDI-based blend system investigated 

earlier by some of us. 45 In addition to the location of phase transformations WAXS provides 

information on the PDI and polymer domains sizes as a function of temperature (extracted from the 

peak FWHM). The PDI domains are composed of stacks of PDI molecules in a columnar arrangement. 

46 The temperature dependent WAXS measurements reveal that thermal annealing of the blend at 50 

C is not affecting the packing motif of the PDI and PIF8BT domains. Instead, heating the PIF8BT:PDI 

at 100 C shrinks the size of the PDI domains while it doubles the domain size of the PIF8BT matrix. 

Annealing at 150 C increases further the PIF8BT domain size, without affecting the size of the PDI 

domain. Reference WAXS measurements were performed in an identical manner when PIF8BT was 

replaced by poly(styrene) (PS). Owing to the amorphous nature of the PS matrix no PS domain sizes 

were obtained for the PS:PDI system (Figure S6 in Supporting Information). Table 1 summarizes the 

WAXS findings concerning the effect of thermal annealing on the PDI crystallite length, the 

corresponding PDI and PIF8BT domain sizes of the PIF8BT:PDI composite. 

 When the findings from the AFM and WAXS studies are considered together they reveal that 

annealing has a pronounced dependence on the length scales of phase separation as a well as on the 

units cells (WAXS). Particularly, the observed increase of the hole mobility at 150 C correlates with 

the PIF8T phase transition observed at this temperature. 
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Time-integrated and time-gated photoluminescence characterization 

PL spectroscopy was employed for directly screening charge recombination losses that originate from 

the bulk properties of the PIF8BT:PDI composite. 25, 47 Figures 5a-d present a comparison between the 

time-integrated and the time-gated PL spectra of the PIF8BT:PDI blend films processed with different 

thermal annealing temperatures. The time-integrated PL acquisition (red dash lines) finds that as the 

annealing temperature increases from 50C to 150C, the initially broad and featureless PDI excimer 

band centered at 600 – 650 nm undergoes a progressive spectral narrowing, verifying the structural 

reorganization of PDI aggregates to a less disordered packing motif i.e. consistent with the longer intra-

columnar coherence length from WAXS (Table 1).  The time-gated PL acquisition (black solid lines) 

enables the detection of an additional spectral feature emitting between 700 – 800 nm. Considering 

that the PIF8BT host is not phosphorescent (Supporting Information, Figure S7), the observed signal 

is attributed to the delayed luminescence of the PDI/PIF8BT interfacial CT state. In agreement with 

the time-integrated PL data, the time-gated PL intensity ratio of the excimer/CT luminescence 

increases with thermal annealing. An overview of the time-gated PL spectra acquired for different 

delay times across the μs time-scale is presented in Supporting Information (Figure S8), together with 

the time lines of the employed time-gated PL detection scheme used (Supporting Information, Scheme 

S1). 

 We have acquired the time-integrated PL spectra of the PIF8BT:PDI blends in a range of 

photoexcitation pulse energies. For all studied PIF8BT:PDI films the dependence of the spectrally 

integrated PL signals of the PDI excimer (600 – 650 nm) and the PDI/PIF8BT CT state (700 – 800 

nm) is shown as a function of fluence in Fig. 5e-h. Interestingly, the PL intensity of these two regions 

responds differently on photoexcitation intensity. In contrast to the PDI excimer luminescence, the 

PDI/PIF8BT CT emission exhibits a sublinear dependence on fluence, which suggests the elimination 

of CT species via annihilation events. 48 Only when the PIF8BT:PDI blend is annealed at 150 C a 

common linear response on fluence is observed for the two spectral regions, reflecting a common 
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emissive state. Control measurements in reference poly(styrene) (PS):PDI blend films show that 

PS:PDI  performs similar to the PIF8BT:PDI layer annealed at  150 C (Supporting Information, Figure 

S9). The two spectral regions of the PS:PDI samples respond exhibit a comparable dependence on 

fuence, confirming that the PDI excimer state is the origin of the monitored luminescence in both 

spectral regions. 
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Figure 5. Normalized PL spectra of a) as-spun, b) annealed at 50 C, c) annealed at 100 C and d) 

annealed at 150 C PIF8BT:PDI blend films, registered in time-integrated mode (dash lines) and time-

gated mode; 2 μs delay time, 500 ns gate-width (solid line). Photoexcitation intensity dependent PL 

intensity of PDI excimer emission (squares) and PDI/PIF8BT exciplex emission (circles) of e) as-spun, 

f) annealed at 50 C, g) annealed at 100 C and h) annealed at 150 C PIF8BT:PDI blend films, as 

obtained from time-integrated PL spectra acquisition. In all cases photoexcitation was at 530 nm. 

 

We further registered the time-gated kinetics of the PDI/PIF8BT CT luminescence in the μs time-scale, 

for a range of photoexcitation pulse energies (Supporting Information, Figure S10). No evidence of a 



21 

 

bimolecular mechanism could be found in the observed luminescence decay. The time-gated afterglow 

of the PDI/PIF8BT interfacial CT state was invariant to the laser fluence for delay times as long as 5 

μs after photoexcitation.  

 

Quasi time-integrated detection of delayed photoluminescence  

The observed invariance of the PDI/PIF8BT CT luminescence kinetics on fluence is in line with the 

intensity-dependent Voc response of the PIF8BT:PDI devices, which suggests the dominance of trap-

assisted charge recombination events. 26, 49 However, one cannot exclude the possibility that the overall 

CT luminescence signal may contain contributions from the recombination of spatially separated 

charges that would impart a fluence-dependent character in the observed CT kinetics.  

 In order to effectively capture the bimolecular fraction of the PIF8BT/PDI CT luminescence dynamics 

we have applied a quasi time-integrated detection scheme of delayed luminescence at progressively 

increased fluences of pulsed photoexcitation.  After exciting the PIF8BT:PDI films with a 10 ns long 

laser pulse, the generated luminescence is registered in a series of delay steps of 50 ns time-intervals 

but with a gate window fixed to 1 ms; that is four orders of magnitude longer than the delay times 

used. In that way the contribution of early-time emissive charge recombination events can be gradually 

rejected, thereby unravelling the reaction order of the emissive charge recombination process after the 

photoexcitation pulse is turned off. Figure 6a displays the schematic for the time lines of the pulse 

photoexcitation, the delay time and the gate-width of our experiment.  

 



22 

 

 

Figure 6. a) The time lines of the delay time, gate-width and the 530 nm laser photoexcitation pulse, 

employed in the quasi time-integrated detection scheme used in this work. b) Quasi time-integrated 

detection of the PDI/PIF8BT exciplex luminescence of the as-spun PIF8BT:PDI blend film as acquired 

at different laser fluences. c)  Fluence-dependent quasi time-integrated detected PDI/PIF8BT exciplex 

luminescence of the as-spun PIF8BT:PDI blend film at different time-delays. The solid lines 

correspond to fits on the data with the power-law functional type of IPL  Iexc.
n, with n=0.6 (0 ns), 

n=0.8 (50 ns), n=1.1 (100 ns), n=1.4 (300 ns), n=1.4 (1000 ns) and n=1.4 (3000 ns). d) Delay-

dependent values of the power-law exponent n used in (c) for a set of PIF8BT:PDI blend films: as-

spun (squares), annealed at 50 C (circles), annealed at 100 C (up-triangles), and annealed at 150 C 

(down-triangles). e) Delay-dependent values of the power-law exponent n as determined for a set of 

reference PS:PDI blend films: as-spun (squares) and annealed at 100 C (circles).  
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As an example, Fig.6b presents the quasi time-integrated detection of the PDI/PIF8BT CT 

luminescence signal of the as-spun PIF8BT:PDI blend film, as obtained for a range of photoexcitation 

intensities. Based on these data, the dependence of the quasi time-integrated CT luminescence on laser 

fluence can be tracked, and this is shown in Fig6c. Clearly, the dependence on fluence evolves with 

time, exhibiting an increase of the slope as the delay time between photoexcitation and detection is 

increased; from an initial slope value n=0.6 it increases to n=1.4 when the detection window is delayed 

by 3000 ns. In a similar manner we have applied the quasi time-integrated detection scheme in the 

whole set of PIF8BT:PDI blend films that were thermally annealed at 50 C, to 100 C and to 150 C, 

thereby discerning the contributions of emissive trap-assisted and bimolecular recombination to the 

overall activation of  PDI/PIF8BT interfacial CT states. For these films, Fig.6d presents the evolution 

of the slope values as the delay time between photoexcitation and detection becomes longer.  

Evidently the fluence dependence of the PDI/PIF8BT CT luminescence exhibits two turnovers: (1) 

from sublinear to linear at 50 – 100 ns delay-times, and (2) from linear to superlinear at 100 – 200 ns 

delay-times. The early time regime is in good agreement with the findings of the fluence dependent 

time-integrated PL results of Fig.5, suggesting that CT luminescence can be quenched by both CT-CT 

and CT-charge annihilation interactions. The transition from the linear to superlinear regime seen in 

Fig.6d suggests that a fraction of the monitored PDI/PIF8BT CT afterglow is not generated by trap-

assisted charge recombination, but it arises by the recombination of spatially separated charges. This 

is not happening directly though; at relatively short delay-times, the power-law exponent is lower than 

one, reflecting the occurrence of annihilation events. At longer delay-times, emissive bimolecular 

recombination becomes important and the dependence of the interfacial PDI/PIF8BT CT luminescence 

on fluence becomes superlinear. Interestingly, the state of thermal annealing dictates when the fluence 

dependence turns from linear to superlinear. For the as-spun and the 50 °C blends slopes higher than 

one are obtained after 100 ns and 200 ns, respectively. These times correspond to the point where a 

transition between trap-assisted and spatially-separated charge recombination takes place. For the 100 
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°C blend the slope remains lower than two at all times confirming that in contactless PIF8BT:PDI layer 

annealed at 100 °C, trap-assisted charge recombination is the dominant loss recombination channel.  

In concert with the findings from the WAXS study this verifies that as the difference in the size of the 

PDI and PIF8BT domains becomes smaller, the magnitude of charge trapping is increased while 

emissive bimolecular charge recombination losses are reduced. This is further verified by identical 

measurements performed in control samples of PS:PDI blend films, both in their as-spun and annealed 

state. Fig.6e shows that bimolecular recombination is operative in these films: from the beginning and 

throughout the whole time-window of the first 500 ns after photoexcitation, the fluence-dependent 

scheme of the quasi time-integrated detection applied on the PDI luminescence exhibits a slope higher 

than one. Considering the findings of WAXS characterization (Figure S6 in Supporting Information) 

the PS:PDI blend corresponds to the largest difference between the domain size of PDI and the polymer 

host. As such the PS:PDI system corresponds to the extreme case where the layer order supports the 

occurrence of free charge recombination from the very early time after photoexcitation. At this stage 

the mechanism responsible for the generation of free charges in the PS:PDI system remains obscure. 

50 We note however that at high photoexcitation intensities auto-ionization effects caused by the 

annihilation of PDI excimer species is very likely to produce fully separated charges; these can then 

recombine for producing delayed excimer luminescence.  

 

Electro-optical device characterization 

To this end, the overview of the obtained data suggests the presence of two pools responsible for the 

activation of the interfacial PDI/PIF8BT CT afterglow, involving emissive trap-assisted and 

bimolecular recombination events. For the as-spun and 50 °C PIF8BT:PDI blends the difference in the 

size of the PDI and PIF8BT domains is large and emissive bimolecular recombination is operative in 

the time window of 200 – 500 ns after photoexcitation. When the size of the PDI and PIF8BT domains 

layer becomes comparable, the route of emissive trap-assisted charge recombination becomes 
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dominant. Similarly to the PIF8BT:PDI as-spun case, reference systems of PS:PDI blends exhibit 

emissive bimolecular recombination in the first 500 ns after photoexcitation.  

In order to quantify the relative contribution of each type of charge recombination in the generation of 

delayed CT luminescence, we have performed electric field induced PL quenching experiments in 

photodiode structures with PIF8BT:PDI and PS:PDI photoactive layers. Bimolecular charge 

recombination is prone to external electric fields as the formation of an encounter complex of free 

charges at the donor/acceptor is impeded. In the presence of a static external field the probability for 

non-geminate charge recombination is reduced and the charges can be extracted faster. Figures 7a, b 

present the time-gate PL spectra of devices with annealed PS:PDI and PIF8BT:PDI  photoactive layers. 

Evidently, the CT luminescence is quenched by the applied electric field in a reversible manner, 

confirming the temporal dissociation of the encounter complex when the external electric field is 

present. 
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Figure 7. Time-gated PL spectra of photodiode devices photoexcited at 530 nm with annealed 

photoactive layers of a) PS:PDI (18.2 μJ pulse energy, prompt PL, 10 ns gate-width), and b) 

PIF8BT:PDI (16.6 μJ pulse energy, 100 ns delay-time, 200 ns gate-width) blend films. c) Electric-field 

induced quenching efficiency of PL signal detected in a photodiode with annealed PIF8BT:PDI layer, 

after the application of a 10 V reverse bias. In all cases the photoactive layers were annealed at 100 

C. 

 

Fig. 7b confirms that although emissive trap-assisted recombination is the major loss channel in the 

annealed PIF8BT:PDI blend, a fraction of bimolecular charge recombination contributes also to the 

activation of the interfacial PDI/PIF8BT CT luminescence. In order to quantify the contribution of the 

bimolecular component, we performed a time-gated PL quenching efficiency experiment by applying 

a reverse bias voltage of 10 V on the device with a PIF8BT:PDI photoactive layer annealed 100 C.  
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Figure 7c presents the quenching efficiency of the interfacial PDI/PIF8BT CT emission of this device 

as a function of time. The data inform that the maximum electric-field induced quenching efficiency 

is reached at 100 ns where the PDI/PIF8BT CT luminescence is quenched only by ~ 40 %. At longer 

times, in the μs time-scale, the quenching efficiency drops to zero and the intensity of delayed CT 

luminescence remains unaffected by the electric field. This presents an additional confirmation that at 

Voc conditions the contribution of emissive bimolecular recombination in the afterglow of a device 

with PIF8BT:PDI layer annealed at 100 C, takes place within the first 100 – 200 ns albeit it 

corresponds to a small fraction of the overall non-recombination losses. In this time window, most 

charges (~ 60%) follow an emissive trap-assisted recombination route leading to a strong delayed 

PDI/PIF8BT CT luminescence that remains unquenched upon applying an external electric field. At 

even longer time scales (in the μs time range), trap-assisted charge recombination becomes dominant 

(100%), dictating the interfacial PDI/PIF8BT CT afterglow and imparting a photoexcitation intensity 

independent character on the time-gated PDI/PIF8B CT luminescence kinetics. 

 

Discussion 

The PIF8BT:PDI material combination is a rather ineffective OPV bulk heterojunction system, 

suffering by poor light absorption at low photon energies, low device photocurrent and enhanced non-

geminate charge recombination losses. However, owing to its ability to exhibit afterglow, this 

composite is an ideal model system for drawing information concerning the impact of layer order on 

the magnitude of emissive non-geminate charge recombination. The latter can be monitored via 

delayed luminescence spectroscopy in the ns – μs time scale. 

The level of phase separation and degree of order within the phases of the PIF8BT:PDI blend can be 

accurately tuned via thermal annealing in the temperature range from ambient temperature to 150°C. 

Thermal processing impacts on i) the mesoscopic level by triggering a gradual demixing of the PIF8BT 

and PDI components in the blend, and ii) the molecular level by a gradually balancing the size of 
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ordered PDI and PIF8BT nanodomains. The findings of the WAXS study reported in Table 1 reveal 

that the nearly five times larger domain size of PDI obtained at ambient temperature becomes gradually 

comparable to the size of PIF8BT domain following annealing at 150°C. In addition, two phase 

transitions, one at lower temperatures affecting the packing of PDI and another at higher temperatures 

affecting both the PIF8BT and PDI were identified. These details on structure are a valuable input for 

understanding the spectroscopic properties of the blends and the electrical properties of the 

corresponding OPV devices. 

 We found that annealing of the PIF8BT:PDI photoactive layer at 100°C maximizes the photocurrent 

generation efficiency of PIF8BT:PDI photodiodes. The counterintuitive observation of an optimum 

photocurrent generation efficiency in parallel with inefficient PL quenching is explained by the charge 

transport study in combination with the findings of the WAXS measurements. Thermal processing at 

100°C triggers the structural optimization of the PIF8BT component in the PIF8BT:PDI blend, thereby 

increasing hole mobility and establishing a balanced charge transport. The severe impact of non-

geminate recombination losses on the performance of the PIF8BT:PDI is evident in the photoexcitation 

intensity dependence of the Jsc and Voc device parameters. Regardless the state of annealing, the 

obtained thermal voltage coefficient values are unusually high, suggesting the dominance of trap-

assisted charge recombination losses. What’s more, the PIF8BT:PDI blend annealed at 100 C exhibits 

the strongest delayed interfacial PDI/PIF8BT CT luminescence intensity in parallel with a maximized 

device EQE of the corresponding device. 26 In other OPV systems, 11 where bimolecular recombination 

relaxation is the dominant loss channel, the delayed CT luminescence intensity correlates better with 

the device Voc. However, in the PIF8BT:PDI heterojunction emissive bimolecular recombination is 

less important, yet operative.  

The quasi-cw delayed detection of the interfacial PIF8BT/PDI CT afterglow at increasing 

photoexcitation intensities, and at different delay times provides valuable insight. The onset of 

emissive bimolecular recombination takes place at time delays higher than 100 – 200 ns, thereby 
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contributing to the PIF8BT/PDI CT afterglow.  Nevertheless, the route of trap-limited charge 

recombination is the most effective. Electric-field induced PL quenching experiments informs about 

the branching of the trap-assisted and bimolecular emissive recombination routes in the PIF8BT:PDI 

system. For the blend annealed at 100 °C, only 40% of the overall PIF8BT/PDI CT afterglow comes 

from the recombination of fully separated charges, whereas in the as-spun blend is increased. 

Based on the deeper insight gained by WAXS, the effect of OPV layer order on the branching of the 

trap-assisted and bimolecular emissive recombination routes can be discussed. Thermal annealing 

minimizes the disparity in the domain sizes of the PDI and PIF8BT components and it suppresses the 

contribution of bimolecular charge recombination in the overall delayed PIF8BT/PDI CT 

luminescence. This finding complements previous reports concerning the impact of OPV layer 

microstructure on the efficiency of free charge generation. In model systems of poly(3-hexylthiophene-

2,5-diyl) (P3HT):[6,6]-phenyl-C61 butyric acid methyl ester (PCBM[60]) blend films, fully separated 

charges are produced efficiently when medium-sized ordered phases of P3HT and PCBM[60] exist in 

the OPV blend that prevent geminate recombination. 13, 14 At present we show how a comparable 

domain size of the OPV blend components minimizes the bimolecular charge recombination events. 

In its as-spun state, the PIF8BT:PDI blend film contains PDI domains with size five times bigger than 

the domain size of PIF8BT. For this blend the occurrence of emissive bimolecular charge 

recombination is found pronounced. This is in excellent agreement with previous delayed 

luminescence experiments obtained for the similar blend of poly(9,9’-dioctyl-fluorene-co-

benzothiadiazole) (F8BT):PDI. 25 In as-spun F8BT:PDI layers, the domain size of the PDI component 

was found four times larger than the size of the F8BT domain. 41 For that system, the delayed 

F8BT/PDI CT afterglow was quenched by an external electric field with an efficiency higher than 

50%, indicating the dominance of the bimolecular charge recombination route.  

 The herein presented results suggest that PDI-based OPV blends are inherently limited by trap-assisted 

charge recombination losses. In tandem with the fact that this type of OPV devices often exhibits a 
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characteristic S-shape in the corresponding current-voltage (J-V) characteristics, the employment of a 

multiple-diode electrical equivalent circuit as a diode model 51 should be pursued. This approach would 

be more suited for truly unleashing the high potential of solution processable PDI-based and similarly 

underperforming hybrid OPV systems, 52 and for enabling the engineering of a broader gamut of 

photovoltaic platforms. In a broader perspective, the detection of delayed luminescence via the 

proposed quasi time-integrated scheme promises to facilitate the systematic study of both types of 

fullerene-based 49 and fullerene-free 11 OPV composites that are capable of exhibiting CT afterglow. 

More importantly, the methodology has the potential to gain deep insight on the origins of the delayed 

emission observed in a wider material range, i.e. encompassing systems of semiconductor nanocrystal 

quantum dots 53 and optoelectronic devices of mixed-halide perovskites. 54  

 

Conclusions 

 In conclusion, the ability of the PIF8BT:PDI system to exhibit delayed luminescence of interfacial CT 

states activated by non-geminate charge recombination was employed for demonstrating the capability 

of a new methodology to conduct delayed luminescence experiments. The proposed methodology 

relies on the fluence-dependent quasi time-integrated detection of emissive charge recombination 

events that take place at increasingly delay times after pulsed photoexcitation of the system under 

study, while it gradually rejects the contribution of other early-time emissive processes that dominate 

the overall luminescence signal. Under these conditions we were able to monitor the CT afterglow the 

PIF8BT:PDI system, and to discriminate the two different loss pathways of trap-assisted and 

bimolecular charge recombination processes that occur in comparable time-scales. The temporal 

separation of these two emissive non-geminate charge recombination loss processes is achieved by 

their different time-gated response on fluence. Our study offers valuable insight on the effect of OPV 

layer microstructure on non-geminate recombination losses. We showed that the process of emissive 

bimolecular recombination gains significance as the difference in the size of the electron-accepting 
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and electron-donating OPV components becomes larger. Instead, emissive trap-limited recombination 

losses can be favoured when the domain size of the OPV blend components is comparable. 

This work suggests that delayed luminescence technique can become a powerful diagnostic tool for 

enabling the swift screening of a broad range of OPV composites at a low cost and with a reduced 

experimental complexity. The proposed methodology introduces a medium level of equipment 

requirements, is adaptable to most device fabrication labs, and more importantly it is extendable to 

similar time-gated electroluminescence experiments. As such it holds the potential to contribute in the 

ongoing efforts of the OPV community to identify optimum material combinations that are based on 

next-generation material platforms such as the emerging non-fullerene-based electron acceptors.  
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