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ABSTRACT: The formation of different types of structural polymorphs of poly(3-hexyl-

thiophene) (P3HT) affects the performance of organic photovoltaic (OPV) devices that use 

thermally-annealed P3HT:PCBM[60] blend films as photoactive layer. Here it is demonstrated 

that, when densely-packed and non-densely packed P3HT polymorphs co-exist in the 

P3HT:PCBM[60] layer, non-geminate charge recombination is fast; however, in a device non-

geminate recombination is effectively overruled by efficient and fast charge carrier extraction. 

In stark contrast, when only a less-densely packed P3HT polymorph is present in the blend, 

non-geminate charge recombination losses are less pronounced, and the charge carrier 

extraction efficiency is lower. The antagonistic non-geminate charge recombination and charge 

carrier extraction processes in these systems are monitored by time-delayed-collection field 

(TDCF) and ultrafast transient absorption (TA) experiments. Furthermore, resonance Raman 

spectroscopy reveals that in the absence of the densely-packed P3HT polymorph, the energetic 

disorder present in the P3HT:PCBM[60] blend is higher. High-resolution atomic force 

microscopy imaging further identifies pronounced differences in the layer morphology when 

the polymorph distribution varies between unimodal and bimodal. These results indicate that 

less-densely packed P3HT polymorphs increase disorder and impede charge collection, leading 

to a reduction of the device fill factor.  
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Introduction 

In the past twenty years, the use of electronically-active (semiconducting) organic materials 

for charge photogeneration has sparkled an intense research activity around the development 

of organic photovoltaic (OPV) devices. 1-3 Bulk heterojunction OPV composite films comprise 

an electron-donating matrix blended with small molecular or polymeric electron-acceptors, in 

turn creating a heterojunction for charge separation and interpenetrating networks that facilitate 

charge transport towards the respective charge-collecting contacts of the OPV device. 4, 5  

Following the light absorption by the OPV photoactive layer, the crucial step determining 

charge photogeneration is the dissociation of the primary photoexcitations, namely neutral 

excited states (excitons), at the donor/acceptor interface (the heterojunction).6 Equally 

important is the efficiency of the interfacial charge-separation step, which determines the 

escape of charges from their mutual Coulomb attraction and conversion of charge-transfer 

states (geminate charge pairs) to free charge carriers, that can be extracted as photocurrent; free 

carriers are produced when the antagonistic process of geminate charge pair recombination is 

suppressed.7, 8 Furthermore, when the carrier mobility of the blend is optimized, a swift charge 

carrier extraction at the device electrodes is ensured with minimum dwell time of charges in 

the active layer, reducing the carrier loss due to non-geminate recombination which competes 

with carrier extraction.9 Clearly, all aforementioned (photo)physical processes are strongly 

influenced by the OPV layer microstructure and it is challenging to achieve a balance of 

structural motifs that simultaneously optimizes all the individual process. As such, the 

preparation of OPV photoactive layers by wet-lab processing techniques is a perplexing task 

that relies on smart protocols and empiric optimization of the layer microstructure. Phase 

coarsening via thermal annealing,10 use of poly(3-hexyl-thiophene) (P3HT) with different 

molecular weight,11 composition dependence, 12 use of solvents/co-solvents with different 

boiling points, 13 use of additives and controlled plasticization,14 are some of the techniques 
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that have been applied in an effort to gain control over the microstructure of OPV layers and 

to maximize excited state dissociation, full charge separation, and charge carrier extraction. 

However, an important aspect that yet has remained unexplored is the impact of the presence 

of different polymer polymorphs 15, 16 on the competition between charge carrier extraction and 

non-geminate geminate recombination losses. Particularly for the case of P3HT, previous 

temperature-dependent fluorescence studies have inferred the presence of different P3HT 

polymorphs in single-component P3HT films.17 Yet, it remains unclear whether certain types 

of polymorphs are required to enhance the collection of photo-generated charge carriers at the 

device electrodes. It is imperative that this missing information can be provided to elucidate 

the role of material polymorphism on the performance of OPV devices.   

In this contribution, we shed light on the role of polymorph structures on the competition 

between non-geminate charge recombination and charge extraction in operating OPV devices. 

In our work, we study the archetypical OPV system P3HT:PCBM[60] 18 to directly address the 

impact of P3HT polymorphism on device performance. Two well-defined polymorph 

structures of the P3HT polymer matrix are employed, and their effect on the power conversion 

efficiency (PCE) of P3HT:PCBM[60] devices is interrogated. For the first time, our study 

unveils how a specific distribution of structural polymorphs present in the hole-transporting 

polymeric matrix of P3HT can facilitate the charge collection efficiency, despite the occurrence 

of significant non-geminate recombination losses that take place in the photoactive layer. 

In our study we focus on OPV devices with two types of P3HT:PCBM[60] photoactive 

layers, for which the polymorph distribution of the P3HT matrix is tuned by varying the 

number-averaged molecular weight (Mn) of the P3HT polymer matrix. Two P3HT derivatives 

with different Mn values are examined: a high-Mn P3HT derivative with Mn= 29.6 kDa (RR= 

95.7%) and a low-Mn P3HT derivative with Mn=18.3 kDa (RR=95.2%). We have recently 

demonstrated that profound differences exist in the P3HT polymorph distribution present in 
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thermally-annealed P3HT:PCBM[60] blends of these two derivatives. 19 More precisely, a 

bimodal distribution of P3HT polymorphs was identified in the low-Mn P3HT-based OPV 

blend indicating the co-existence of a ‘densely-packed’ and a ‘non-densely packed’ P3HT 

polymorph. Instead, only the non-densely packed P3HT polymorph was identified in the high-

Mn P3HT-based OPV blend of P3HT:PCBM[60]. Here we further demonstrate that, when the 

densely-packed P3HT polymorph is present in the P3HT:PCBM[60] photoactive layer, the 

charge collection efficiency is maximized, leading to a fill factor (FF) as high as 60%, despite 

fast non-geminate charge recombination.  

The specificity of efficient charge carrier collection in the presence of a particular P3HT 

polymorph in the microstructure of the P3HT:PCBM[60] layer resolves the major issue of free 

carrier losses, that is, non-geminate recombination competing with charge carrier extraction, 

which hitherto remain convoluted. More importantly, our findings offer useful guidelines for 

the accurate engineering of next-generation OPV layers by introducing polymorphism as a tool 

to improve charge collection and to increase device performance. 

We combine resonant Raman and ultrafast transient absorption (TA) spectroscopic 

characterization of P3HT:PCBM[60] blend films with high-resolution atomic force 

microscopy (AFM) imaging of the layers and electrical characterization of the corresponding 

P3HT:PCBM[60] OPV devices. The impact of the P3HT polymorph distribution on the 

energetic disorder of the P3HT:PCBM[60] blend film is assessed with Raman spectroscopy, 

while ultrafast TA measurements provide quantitative information on the processes of charge 

photogeneration and recombination. In addition to the obtained TA results, the effect of charge 

carrier collection on the overall device performance of the two systems studied herein is further 

explored by time-delayed collection field (TDCF) experiments.20 
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Results and Discussion 

The fabrication of OPV devices with P3HT:PCBM[60] photoactive layers processed 

identically to those used as TA samples directly links the obtained TA results to the device 

performance of these systems. Table 1 presents a comparison of the figures-of-merit of the two 

types of OPV devices prepared with as-spun and thermally-annealed P3HT:PCBM[60] 

photoactive layers, when the two different Mn P3HT derivatives are used. A well-established 

device fabrication protocol was followed, and the reproducible character of the obtained results 

is adequately verified by their agreement with the previously performed systematic study of 

OPV devices developed by identical photoactive layers.19 At present, 4 – 5 devices of each 

system were characterized, and Table 1 reports the mean value of each figure of merit 

accompanied by the corresponding standard deviation; namely the short-circuit current density 

(JSC), the open-circuit voltage (VOC), the fill factor (FF) and the power-conversion efficiency 

(PCE). The maximum PCE obtained is 2.3%, which is acceptable for conventional 

P3HT:PCBM[60] OPV cells 18 prior to the fine tuning of the P3HT:PCBM[60] photoactive 

layer composition, and without incorporating any charge carrier extracting interlayers in their 

device structure. Table 1 informs that the highest PCE is delivered by the low-Mn P3HT-based 

OPV cell after annealing, for which the averaged FF parameter reaches 60%.  

Device type JSC (mA cm-2) VOC (mV) FF (%) PCE (%) 

As-spun high-Mn 1.75  0.03 809  17 28.4  0.6 0.4  0.01 

As-spun low-Mn 2.25  0.08 698  10 41  2 0.65  0.05 

Annealed high-Mn 5.16  0.17 564  4 30.7  1.1 0.89  0.04 

Annealed low-Mn 7.00  0.10 545  2 60  0.8 2.3  0.06 

 
Table 1. Figures-of-merit for the P3HT:PCBM[60] 1:1 OPV devices investigated in this study.  

 

Resonance Raman spectra (photoexcitation either at 488 nm or at 473 nm) were recorded 21 for 

as-spun and thermally-annealed P3HT:PCBM[60] photoactive layers prepared by both types 
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of P3HT matrices. Two vibrational modes associated with the thiophene ring within the main 

P3HT polymer chain were monitored. The C=C symmetric stretch mode centered at ~ 1445 

cm-1 and the C-C stretch mode centered at ~ 1380 cm-1. 22 Two sets of Raman measurements 

were performed for the P3HT:PCBM[60] layers; one for films deposited on 

glass/ITO/PEDOT:PSS substrates (semi-complete OPV device geometries), and another one 

for films prepared on plain quartz substrates. Regardless of the substrate type used, the Raman 

spectra (shown in Supporting Information, Figure S1) demonstrate that upon thermal treatment 

of the layers the Raman peak at 1445 cm-1 exhibits a ~ 5 cm-1 peak shift towards lower (Raman) 

wavenumbers, accompanied by a concomitant reduction in FWHM and an increase in the ratio 

of the C-C/C=C peak intensities. This observation is attributed to the minimization of energetic 

disorder in both types of P3HT:PCBM[60] photoactive layers after thermal annealing, due to 

the increased planarity of the P3HT backbone and the concomitant reduction of twists between 

thiophene monomers. Table 2 summarizes the C=C peak position and peak width of these 

samples. Interestingly, relative to the low-Mn annealed P3HT:PCBM[60] film, the high-Mn 

annealed P3HT:PCBM[60] film exhibits a larger FWHM of the C=C stretching mode, 

suggesting that despite the thermal processing applied, some energetic disorder persists, when 

the non-densely packed P3HT polymorphs dominate in the P3HT:PCBM[60] layers. Similar 

results are obtained for the thermally-annealed P3HT:PCBM[60] blends, when Raman 

measurements are performed down to a temperature of 50 K after photoexcitation at 473 nm 

(see Raman spectra and tabled centers and FWHM values of the C=C symmetric stretch mode 

shown in Supporting Information, Figure S2 and Table S1), however, the overall FWHM 

values of the C=C Raman peak are found to be increased. Both at room and at low temperatures, 

the use of the PEDOT:PSS interlayer results in reduction in the FWHM values of the C=C 

Raman peak (see in Supporting Information, Figure S3) most likely due to differences in the 

degree of vertical phase separation of the P3HT and PCBM[60] components of the blends. 22, 
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23 However, the trends of the FWHM values for the high-Mn and low-Mn P3HT:PCBM[60] 

films after thermal annealing remain the same. As such, the Raman study shows that the content 

of energetic disorder in the studied P3HT:PCBM[60] layers is affected by the P3HT polymorph 

distribution in the layers but it is insensitive to the type of substrate supporting these layers. 

The results highlight the capability of Raman spectroscopy to probe energetic disorder in 

contactless photoactive layers. This straightforward spectroscopic approach is complementary 

to electrical device characterization techniques that directly quantify energetic discorder, e.g. 

by monitoring the temperature-dependence of charge carrier mobility. 24, 25 Such a detailed 

device characterization experiment could be further performed for verifying the findings of the 

herein presented Raman study, however it is beyond the scope of our present work. 

 

System C=C centre (cm-1 ) C=C FWHM (cm-1 ) 

As-spun high-Mn on glass/ITO/PEDOT:PSS substrate 1451.3  0.7 39  1 

Annealed high-Mn on glass/ITO/PEDOT:PSS substrate 1448.5  0.7 31  1 

As-spun low-Mn on glass/ITO/PEDOT:PSS substrates 1452.4  0.7 39  1 

Annealed low-Mn on glass/ITO/PEDOT:PSS substrate 1447.9  0.7 29  1 

As-spun high-Mn on quartz substrate 1454.1  0.7 39  1 

Annealed high-Mn on quartz substrate 1448.5  0.7 32  1 

As-spun low-Mn on quartz substrate 1453.2  0.7 40  1 

Annealed low-Mn on quartz substrate 1448.5  0.7 30  1 

 
Table 2. Overview of the room temperature Raman results obtained for the P3HT:PCBM[60] 
films investigated in this study following photoexcitation at 488 nm. 
 

The surface topography of the two different photoactive layers is presented in Figure 1. High-

resolution atomic force microscopy (AFM) imaging (100 × 100 nm) reveals that the surface 

texture of the low-Mn and the high-Mn P3HT-based P3HT:PCBM[60] films differs 

significantly when annealed at 140 C. The former exhibit elongated finger-like interdigitating 
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features (see Fig.1a), while the latter adapts a grape-like morphology (see Fig.1b), with lower 

aspect ratio features. Interestingly, this morphological discrepancy is less pronounced when 

AFM scans are made in a larger range, e.g. in 500 × 500 nm (see Fig.1c, d), demonstrating the 

necessity to perform high-resolution AFM scans for revealing subtle differences in the 

morphologies of OPV photoactive layers. The height distribution histogram profiles of both 

types of P3HT:PCBM[60] films (see Fig.1e, f) reveal that the surface of the low-Mn P3HT-

based P3HT:PCBM[60] film is smoother, with a peak roughness of 7 nm in contrast to the peak 

roughness of the high-Mn P3HT-based P3HT:PCBM[60] film that was found to be 10 nm. 

Figure 1. High-resolution (100 × 100 nm) AFM images of a) low-Mn P3HT-based and b) high-
Mn P3HT-based P3HT:PCBM[60] films. Intermediate-resolution (500 × 500 nm) AFM images 
of c) low-Mn P3HT-based and d) high-Mn P3HT-based P3HT:PCBM[60] films. Height 
distribution histogram profiles of surface features detected in the AFM images of the e) low-
Mn P3HT-based and f) high-Mn P3HT-based P3HT:PCBM[60] films. All histograms were built 
based on 5 × 5 µm AFM images. In all cases the P3HT:PCBM[60] films were developed on 
glass/ITO/PEDOT:PSS substrates and they were thermally annealed at 140 C. 

 

Intrigued by the substantially different FFs found in the two types of annealed 

P3HT:PCBM[60] OPV devices (Table 1),17 we performed TDCF experiments on the BHJ 
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systems. In the TDCF experiment the device is illuminated by a short laser pulse, while being 

kept at constant pre-bias voltage (Vpre). After a variable time delay td, a rectangular bias voltage 

(Vcoll) with 1 μs pulse length is applied to extract (collect) all remaining free carriers from the 

device. The measured photocurrent response exhibits two current peaks, one following 

photoexcitation, and a second after application of the Vcoll extraction pulse. Integration of the 

area below the two curves yields the quantity of charges generated by photoexcitation (Qpre) 

and extracted before (with an applied Vpre bias), and during (Qcol) the application of the 

collection field, respectively (with an applied Vcoll bias). The sum of Qpre and Qcol equals the 

total number of generated charges Qtot. Figure S4 in the Supporting Information section 

visualizes the TDCF experiment. 

Figure 2 below presents the dependence of photocurrent generation on the laser fluence when 

the low-Mn (Fig.2a) and high-Mn (Fig.2b) P3HT-based OPV devices were photoexcited at 532 

nm with a sub-ns laser pulse. For this experiment, the laser fluence was varied between 0.1 – 

4.4 μJ cm-2, the td was kept at 10 ns and the constant pre-bias voltage was set to Vpre= 0 Volts 

(i.e. short-circuit conditions). A power-law function QIexc
α was applied to the datasets of Fig. 

2 where Q corresponds to the generated charge and Iexc to the laser fluence. Prior to the 

application of the rectangular bias voltage, Vcoll, we find the high-Mn P3HT-based OPV device 

generates more Qpre across the whole range of laser fluences applied. The smaller amount of 

charge collected from the low-Mn P3HT-based OPV is attributed to geminate charge 

recombination losses at short-circuit conditions, evident from the deviation of the power-law 

exponent α from linearity. Interestingly, after applying the rectangular bias voltage of Vcoll= -

4 Volts the situation is reversed and the largest amount of total collected charge, Qtot is 

delivered by the low-Mn P3HT-based OPV device. The improved  charge extraction efficiency 

of the low-Mn P3HT-based device in respect to the high-Mn P3HT-based device can be 

understood because of a photogeneration mechanism that is operative in the presence of the 
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static external field created by the bias pulse Vcoll. Considering the thickness of the 

P3HT:PCBM[60] layers, this electric field has a typical value 40 × 106 V m-1, which is 

sufficient for fully dissociating the residual geminate charge pairs in the low-Mn P3HT-based 

system. 

Despite the improved charge extraction efficiency of these devices when the static external 

field is on, charge recombination losses are increased as can be seen in the decreased value of 

the power-law exponent α. Although the largest Qtot is extracted by the low-Mn P3HT-based 

device, the sublinear dependence of the obtained Qtot on excitation fluence for this system is 

enhanced (α=0.72). A similar field-dependence has been observed at low temperatures for 

contactless samples of P3HT:PCBM[60] blends, and it was attributed to an enhancement in the 

Coulomb attraction of electron-hole pairs separated by at least 5 nm. 26 At present, the enhanced 

non-geminate charge recombination is attributed to the increase in the free charge 

concentration 27 created by the external electric field. Some of the charge carriers are extracted 

while others are lost due to non-geminate recombination. Given the duration of the applied bias 

voltage Vcoll, the onset of these losses is expected at 1 μs after photoexcitation. To a lesser 

extent, but similarly, the power-law exponent of the high-Mn P3HT-based device drops to 

α=0.82. 
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Figure 2. Collected charge as a function of fluence measured with td= 10 ns and Vpre= 0 Volts 
(short-circuit conditions) a) of low-Mn P3HT-PCBM device, and b) of high-Mn 
P3HT:PCBM[60] device. Both device types were based on annealed P3HT:PCBM[60] layers. 
The solid lines are linear fits to the data based on the functional form QIexc

α (see text for 
details). 
  

Next, we addressed the impact of a gradual increase of the applied pre-bias (Vpre) on the total 

amount of collected charge. For this experiment, the 532 nm laser fluence was kept constant at 

1 μJ cm-2, td was kept fixed at 10 ns, while Vpre was varied between -1 – 0.6 Volts. Figure 3 

shows the field dependence of the total extracted charge in the two systems alongside with the 

associated JV-characteristics of the particular device pixel. Comparing Fig.3a and Fig.3b 

shows that the total number of generated charges is independent of the field created by Vpre, a 

clear indication of field-independent charge generation. Hence, in both systems the fill factor 

is predominantly determined by non-geminate recombination losses. In addition, we performed 

a modified TDCF experiment: both types of OPV devices were photoexcited at 532 nm with a 

constant fluence of 1 μJ cm-2, while being kept at short-circuit (Vpre= 0 Volts), and td was varied 

between Vpre and Vcoll= -4 Volts in the range of 10 – 100 ns. Once again, Fig.3c and Fig.3d 

demonstrate that despite the lower amount of charge Qpre collected by the low-Mn P3HT-based 
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device, the amount of total collected charge Qtot is the highest after applying Vcoll (Fig.3c). In 

contrast, the amount of total collected charge of the high-Mn P3HT-based device is lower. More 

importantly, for the high-Mn P3HT-based device the largest fraction of total charge, Qpre, is 

extracted prior to the application of Vcoll when the device is kept at short-circuit conditions, as 

evident by the gradual reduction of the collected charge Qcoll, during the application of Vcoll 

(Fig.3d).  
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Figure 3. Total amount of charge (Qtot) extracted from the device as a function of applied pre-
bias and the corresponding J-V curves of devices prepared with annealed photoactive layers of 
a) low-Mn P3HT:PCBM[60], b) high-Mn P3HT:PCBM[60]. The amount of charges, Qtot, Qcol, 
and Qpre as a function of delay time extracted from: c) low-Mn P3HT:PCBM[60], and d) high-
Mn P3HT:PCBM[60].  

 

Altogether, the results obtained by TDCF suggest that the devices based on the 

P3HT:PCBM[60] photoactive layers that contain the densely-packed P3HT polymorph, have 

the capability to facilitate charge carrier collection in the presence of an external electric field, 

and that the charge collection efficiency in these systems dominates over the antagonistic 

process of non-geminate charge recombination. Τhis corroborates with the much higher hole 
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mobility measured in hole-only devices prepared from P3HT with the particular polymorph 

distribution 19 and it provides a reasonable explanation why the FF determined for the low-Mn 

P3HT-based device is the highest. However, the exact microscopic mechanism that leads to 

efficient charge carrier collection in the presence of the densely-packed P3HT polymorphs is 

unclear. We hypothesize, that this could be related to the lower energetic disorder found in 

low-Mn P3HT-based blends of P3HT:PCBM[60], which supports a high charge extraction rate. 

28 

 For a direct comparison of the results obtained by TDCF on device structures with results 

obtained by all-optical spectroscopy, we performed a set of ultrafast TA experiments on 

P3HT:PCBM[60] blends that were prepared in an identical manner as the devices’ active 

layers, but deposited on plain quartz substrates. The ps – ns TA spectra of thermally-annealed 

P3HT:PCBM[60] layers are presented in Figure 4; Fig.4a and Fig.4b shows the TA data for 

the films prepared with the low-Mn and the high-Mn P3HT derivatives, respectively. 
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Figure 4. ps – ns transient absorption spectra for annealed P3HT:PCBM[60] blend films 
developed by a) a low-Mn P3HT derivative and b) high-Mn P3HT derivative. Fluence-
dependent kinetics extracted at the region of photoinduced absorption in the spectral range of 
1.2 – 1.3 eV for annealed P3HT:PCBM[60] blend films developed by c) a low-Mn P3HT 
derivative and d) high-Mn P3HT derivative. The TA spectra shown in a) and b) were registered 
with a fluence of 19 μJ cm-2. 

 

The obtained TA spectra exhibit the characteristic ground state bleach (GSB) of P3HT at 2.0 

eV and photo-induced absorption (PA) in the range of 1.2 – 1.4 eV, whilst stimulated emission 

(SE) of singlet excitons appears between 1.5 – 1.8 eV super-positioned on the PA band, leading 

to a net negative TA signal. The dynamics of the photogenerated charge carriers can be 

monitored in the spectral region around 1.2 – 1.3 eV of the PA band. In the TA spectra, an 

isosbestic point is apparent at 1.45 eV. 29 The SE band can be tracked up to 4 ps, while later on 

it is masked by the emergence of charge-induced absorption, which co-exists with the exciton-

induced absorption up to 30 ps after photoexcitation. Considering the previously reported 

exciton diffusion coefficient of crystalline P3HT is D = 1.8×10-3 – 7.9×10-3 cm2 s-1, 30 from the 

lifetime of the SE signal we deduce that P3HT excitons can probe a distance of 2.3 – 4.8 nm 
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of P3HT domains in the P3HT:PCBM[60] blends. This is consistent with the high-resolution 

AFM images shown in Fig. 1 and also with previous ultrafast TA studies 31 that showed 

concomitant charge photogeneration and exciton diffusion in P3HT:PCBM[60] blend films on 

the ps timescale. At later times, the remaining PA band is exclusively from charges. A direct 

comparison between the two systems does not provide any distinct differences with respect to 

the evolution of the TA spectra. Differences though can be identified in the charge carrier 

dynamics. The extracted TA kinetics of the photogenerated charge carriers in the two sets of 

samples are displayed in Fig.4c and Fig.4d, respectively for a range of different photoexcitation 

intensities. Clearly, in both types of blends the decay dynamics accelerate at high 

photoexcitation fluences, suggesting the presence of higher order processes occurring at early 

delay times, i.e. exciton-charge or exciton-exciton annihilation. For all fluences, the TA 

kinetics are found to be considerably faster when the low-Mn P3HT derivative is used. The sole 

contribution of charges in the TA dynamics can be identified when the TA signal decay is 

monitored at the isosbestic point (Figure S5; at the lowest fluence, monomolecular 

recombination prevails, whilst at higher fluences the occurrence of non-geminate charge 

recombination is seen). This complements the information collected from the TDCF 

experiments that also identified the onset of severe non-geminate charge recombination losses 

in the device structure prepared with the low-Mn P3HT derivative. 

To further investigate the recombination dynamics of long-lived charge carriers, TA 

measurements covering the time range up to 300 s were performed. The data are shown in 

Figure 5. Fig.5a and Fig.5b present the TA spectra recorded for the low-Mn and the high-Mn 

P3HT-based P3HT:PCBM[60] blend films, respectively. Once again, the evolution of the ns – 

µs TA spectra demonstrates qualitatively that non-geminate recombination is faster in the case 

of the low-Mn P3HT-based blend film. 
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Figure 5. ns – μs transient absorption spectra for annealed P3HT:PCBM[60] blend films 
developed by a) a low-Mn P3HT derivative and b) a high-Mn P3HT derivative. Fluence-
dependent kinetics of photoinduced absorption monitored in the spectral range of 1.2-1.3 eV 
for P3HT:PCB M[60] blend films developed by c) a low-Mn P3HT derivative and d) high-Mn 
P3HT derivative.  The TA spectra shown in a) and b) were registered with a fluence of 12 μJ 
cm-2. In both c) and d), the solid lines correspond to fits of the two-pool model of charge 
recombination (see text and Table 3 for further details). 
 

To quantify the process of charge recombination, the fluence dependence of the charge carrier 

dynamics was fitted by a two-pool model (see Fig.5c and Fig.5d) as previously used to fit the 

carrier recombination in different OPV blends.29 The fit allows to determine the fraction f of 

free charge generation, 1-f corresponding to the fraction of charge-transfer states, k the 

geminate recombination rate, λ+1 the non-geminate recombination order, and γ the non-

geminate recombination coefficient. We note that in donor-acceptor bulk heterojunction blend 

films non-geminate recombination is discussed in the framework of Langevin-type 

recombination, that is, the nongeminate recombination coefficient depends on the charge 

carrier mobilities of holes and electrons. However, typically a dimensionless reduction factor 
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ξ is required, since the experimentally observed recombination coefficients are significantly 

smaller than those predicted by the Langevin model. This is a consequence of the bulk 

heterojunction morphology, 32 which allows charge recombination only at the donor-acceptor 

interface. In this respect, high carrier mobilities increase the nongeminate recombination rate, 

but are not detrimental to the device performance as they facilitate extraction of free charges 

prior to nongeminate recombination. In fact, it is the morphology and energetic landscape, 

which controls the magnitude of the reduction factor and thus careful control of both allows 

optimum carrier collection, limiting nongeminate recombination.  

The fit parameters extracted by the two-pool model were used to calculate an ‘effective 

(bimolecular) recombination coefficient’ for the two systems for a carrier density 

approximately equivalent to one sun (100 mW cm-2). The calculated values for the effective 

recombination coefficient β are determined to 1.2×10-12 cm3 s-1 and 5.2×10-13 cm3 s-1 for the 

low-Mn and high-Mn P3HT-based P3HT:PCBM[60] blend films, respectively. Table 3 

summarizes the fit parameters obtained from the two-pool model for the two systems studied.  
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Parameter Low-Mn P3HT:PCBM[60] High-Mn P3HT:PCBM[60] 

f  0.98 ± 0.01 0.95 ± 0.001 

1-f  0.02 0.05 

k / s-1 1.9×108 ± 3.1×106 1.0×108 ± 1.7×106 

λ+1 2.28 ± 0.01 2.50 ± 0.01 

(cm3)sec-1 6.8×10-17 ± 1.3×10-18 7.3×10-21 ± 3.6×10-21 

cm3sec-1 1.2×10-12 5.2×10-13 

 
Table 3. Fit parameters obtained from the two-pool model fit describing the ns – μs charge 
carrier recombination dynamics in annealed P3HT:PCBM[60] blends with different P3HT 
polymorph content (see text for details). All parameters were extracted based on carrier 
densities of 8.75×1016 cm-3

, 2.11×1017 cm-3, 5.80×1017 cm-3  and 6.90×1017 cm-3 for the samples 
made of high-Mn P3HT, and of 4.30×1016 cm-3, 1.10×1017 cm-3, 1.90×1017  cm-3  and 4.80×1017 
cm-3 for the samples made of the low-Mn P3HT. 
 

Figure 6 presents diagrammatically the relationship between the P3HT polymorph distribution 

of the P3HT:PCBM[60] blend films and the experimentally observable quantities. 
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Figure 6. The impact of P3HT polymorphism present in the P3HT:PCBM[60] blends on the 
antagonistic correlation between charge extraction and non-geminate charge recombination, 
and the overall effect of different P3HT polymorph distributions on device performance. 

 

It is plausible that the higher fraction of free charge generation f that is found for the low-Mn 

P3HT-based blend films is due to the co-existence of densely-packed and non-densely-packed 

polymorphs. The formation of additional interface area between domains of different degrees 

of order 33 may provide a larger active surface area for exciton dissociation.  In agreement with 

the TDCF results and in line with the findings from the ps-ns TA measurements, the presence 

of densely-packed P3HT polymorphs in the P3HT:PCBM[60] blends prepared by the low-Mn 

P3HT batch result in a twofold larger effective bimolecular recombination rate with respect to 

the blend films based on the high-Mn P3HT derivative. 

Conclusions 

In conclusion, the combination of two transient spectroscopic techniques unveils the impact of 

densely-packed P3HT polymorphs in P3HT:PCBM[60] blends on the overall PCE of their 
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corresponding OPV devices. When densely-packed P3HT polymorphs are present in the 

P3HT:PCBM[60] blend, the charge carrier extraction efficiency is the highest, effectively 

overruling the losses by non-geminate charge recombination, and enabling a maximum FF and 

device performance. In the absence of densely-packed polymorphs (high-Mn P3HT-based 

P3HT:PCBM[60]), non-geminate recombination losses are less pronounced, however, the 

efficiency of charge carrier extraction in the operating OPV device is lower. Raman 

spectroscopy provides further information concerning the effect of the densely-packed P3HT 

polymorphs on the optimized charge carrier extraction, as it suggests minimal energetic 

disorder in the low-Mn P3HT:PCBM[60] blends after annealing. Overall, our study provides 

insight into the impact of polymorphism on the antagonistic processes of charge carrier 

extraction and non-geminate charge recombination losses in solution-processed OPV 

composite films.  The knowledge gained by these results can be useful in the optimization of 

different types of optoelectronic devices, e.g. fullerene-free OPV 34, 35 and organic light-

emitting diode (OLED) devices. 36 The impact of polymorphism on charge carrier mobility 

should be taken into consideration when different material polymorphs are selected for tuning 

the spectral response of OLED devices. Likewise, the performance-limiting effects of increased 

energetic disorder in OPV layers developed by non-fullerene electron acceptors could be 

minimized if the broad distribution of structural packing motifs of the electron acceptor moiety 

is adjusted.   
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