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Abstract 

It is one of the most challenging issues facing organic photovoltaic community to realize a 

high fill factor (FF) even with thick active layers.  This is because the thick active layer is 

beneficial for photon absorption but makes charge collection difficult, which is primarily 

restricted by nongeminate recombination in solar cells.  In this work, we have studied 

nongeminate recombination in four kinds of polymer solar cells based on blends of donor 

conjugated polymers with different crystallinities and acceptor conjugated polymers with a 

naphthalene diimide unit by using transient photovoltage and photocurrent techniques.  As a 

result, we find that nongeminate recombination is considerably suppressed with increasing 

degree of crystallinity of donor polymers, leading to a high FF of more than 0.6 even with an 

active layer thickness of 300 nm.  The origin of such a phenomenon is further discussed in 

terms of variations in the states of mixed phases with a cascaded energy structure between 

crystalline domains and amorphous domains evaluated by conductive atomic force 

microscopy. 

 

Keywords: all polymer solar cells, thick active layer, fill factor, nongeminate recombination, 
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1. Introduction 

All polymer solar cells based on blends of a donor conjugated polymer and an acceptor 

conjugated polymer have recently attracted tremendous attention because of their outstanding 

potential merits over conventional fullerene-based polymer solar cells, such as excellent 

mechanical durability and stretchability as well as tunability of optical bandgap with a high 

absorption coefficient.1–5  The power conversion efficiency (PCE) of these solar cells has 

experienced a sharp improvement in the past few years and currently exceeded about 16% for 

single junction solar cells.5  This value is higher than that of fullerene-based polymer solar 

cells, but still lags behind that of nonfullerene-based polymer solar cells or efficient inorganic 

solar cells.6–9   

To further increase device performance for all polymer solar cells toward 

commercialization, it is of particular importance not only to enhance the light-harvesting 

efficiency for high photocurrent but also to suppress nongeminate recombination for high 

voltage and fill factor (FF).  It is therefore clearly desirable for them to realize a high FF 

even with thick active layers that can harvest many more photons from the solar light.  In 

most cases of these devices with a record PCE, however, the optimal thickness of the active 

layer is typically as thin as about 100 nm.  This is because charge carriers formed in thick 

active layers have to travel a long distance before arriving at each electrode and therefore are 

more likely to recombine nongeminately, which eventually give rise to decrease in FF.  In 

other words, there is a tradeoff relation between light-harvesting and charge collection 

efficiencies for all polymer solar cells.  Interestingly, some of recent studies have shown a 

high FF even with thick active layers of more than 300 nm.3,4  This is probably ascribed to 

reduced nongeminate recombination compared with the diffusion-limited Langevin 

recombination.  The physical origin behind this phenomenon, however, is as yet not properly 

understood.   
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Herein, we have studied the relationship between crystallinity of donor conjugated 

polymer and nongeminate recombination in all polymer blend solar cells by measuring 

transient photovoltage/transient photocurrent (TPV/TPC) of a series of blend films based on 

donor conjugated polymers with different crystallinities in conjunction with naphthalene 

diimide based acceptor conjugated polymer (N2200) as shown in Figure 1.  In addition, we 

have measured local current images of regioregular poly(3-hexylthiophene) (P3HT)/N2200 

blend films by conductive atomic force microscopy (C-AFM) to discuss how blend 

morphology impacts on nongeminate recombination and PCE. 

 

2. Results and discussion 

2.1. Photovoltaic performance 

We have fabricated all polymer blend solar cells using a series of four donor conjugated 

polymers with different crystallinities in accordance with previous reports:10–13 fabrication 

conditions are summarized in Table S1.  Here, we discretionarily classified these polymers 

into an amorphous polymer PTQ1, less crystalline polymers PBDB-T and J51, and a highly 

crystalline polymer P3HT on the basis of previously reported data: a coherence length along 

lamella stacking for the four donor polymers both in neat and in blend films with N2200 

measured by X-ray diffraction (Table S2).14–20  This was further supported by the 

photoluminescence quenching efficiency Φq measured by selective excitation of donor 

polymer for all the blends.  As shown in Table S3, it was estimated to be about 100, 94, and 

86% for PTQ1, J51, and PBDB-T blends, respectively.  On the other hand, P3HT blends 

exhibit Φq comparable to or less than about 80% depending on thermal treatments.  This 

finding indicates that the P3HT blends have the highest degree of crystallinity, the J51 and 

PBDB-T blends have a moderate crystallinity, and the PTQ1 blends exhibit rather amorphous.   
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Figure 2a shows J–V characteristics of these solar cells, which were measured under 

AM1.5G simulated solar illumination with 100 mW cm−2.  The photovoltaic parameters of 

theses solar cells are summarized in Table S4.  Figure 2b shows the thickness dependence of 

FF in these solar cells with different crystallinities.  For devices based on the amorphous 

polymer PTQ1 or less crystalline polymers PBDB-T and J51, FF was sharply decreased with 

increasing thickness of an active layer.  In stark contrast, for devices based on the highly 

crystalline polymer P3HT, it decreased slightly with increasing their thickness but was still as 

high as 0.6 even for an active layer thickness of more than 300 nm.  This implies that the 

crystallinity of a donor polymer would lead to a high mobility and/or reduced nongeminate 

recombination in all polymer devices. 

 

2.2. Charge recombination dynamics 

We next study how the crystallinity of donor polymers impacts on charge recombination 

dynamics by measuring TPV/TPC for these solar cells.  TPV measurements allow us to 

evaluate the lifetime (τn) of charge carriers in the device.  To be more specific, an extra 

amount of minority charges generated by a small perturbation of laser pump pulse gives rise 

to an increase in voltage since the device is held at open circuit.  Shortly afterwards, they 

back to steady state through recombination with majority charges generated by 

continuous-wave illumination of white light-emitting diode (LED).  This transient voltage 

decay can be treated as a pseudo first-order reaction under above conditions, and thus the 

lifetime of minority charges τΔn is given by a single exponential as a function of open-circuit 

voltage (VOC), as follows:  
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where 
0n is the lifetime from a linear extrapolation at VOC = 0, q is the elementary charge, kB 

is the Boltzmann constant, T is the absolute temperature, and ν is the ideality factor of charge 

carrier lifetime.  On the other hand, TPC measurements enable us to evaluate total charge 

carrier density (n) in devices in conjunction with TPV measurements.  More specifically, the 

transient voltage is measured through a 50 Ω resistor in which the device is held at short 

circuit, and therefore can be converted to a transient current using the Ohm’s law.  The 

amount of charges generated by the same pulse laser Δq is eventually calculated from the 

integral of this transient photocurrent over time.  The differential capacitance dC is defined 

by    
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where ∆V0 (VOC) is the initial photovoltage increment through TPV measurement based on 

different background LED intensity.  Hence, dC is also calculated at various background 

light intensities.  Consequently, n is given by   
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where A is the area of the device and d is the thickness.  Under different bias illumination 

intensities, n exponentially increases with increasing VOC and therefore can be analyzed by 
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where n0 is the carrier density from a linear extrapolation at VOC = 0 and m is the ideality 

factor of charge carrier density.  On the basis of these parameters obtained, τn is given by  
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where λ + 1 represents the reaction order of recombination.21,22  Figure 3a shows double 

logarithmic plots of τn against n evaluated for four kinds of the polymer solar cells.  The 

bimolecular recombination rate constant (krec) is given by krec = (τnn)−1.  On the other hand, 

the diffusion-limited Langevin recombination rate constant (kL) is given by kL = qμ/εrε0 where 

εr is the relative dielectric constant of materials, which is assumed to be 3 for all the blend 

films, ε0 is the vacuum permittivity, and μ is charge carrier mobility, which is employed as the 

slower one of electron and hole mobilities (Table S5).11,23  Note that the electron and hole 

mobilities were estimated by space-charge-limited current (SCLC) method for an 

electron-only device (ITO/ZnO/blend/PFN-Br/Al) and for a hole-only device 

(ITO/PEDOT:PSS/blend/Au), respectively.  The recombination reduction factor (ζ) is 

defined by ζ = krec/kL.21,24,25  Figure 3b shows the dependence of ζ on n for all polymer solar 

cells.  As shown in the figure, ζ was estimated to be on the order of 0.1 for the devices based 

on the amorphous PTQ1 or less crystalline polymers such as PBDB-T and J51.  Among 

them, ζ of PTQ1/N2200 devices was as large as 0.67.  On the other hand, it was estimated to 

be on the order of 0.001 for the devices using highly crystalline P3HT.  This finding 

indicates that nongeminate recombination is remarkably suppressed in P3HT/N2200 devices, 

but rather is close to the Langevin recombination in PTQ1/N2200 devices.  In other words, 

nongeminate recombination is closely related to the crystallinity of donor polymers. 
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2.3. P3HT/N2200 blend systems 

For an in-depth understanding of the origin of suppressed nongeminate recombination in 

P3HT/N2200 blend systems, we systematically consider three control blends fabricated 

with/without typical thermal annealing treatments (Table S1).  Figure 4 shows absorption 

spectra of P3HT and N2200 obtained by spectral resolution of each P3HT/N2200 blend film: 

each absorption was normalized at 556 nm for P3HT region and at 710 nm for N2200 region 

for comparison.  On the basis of H-aggregate model,26,27 we estimated the fraction of 

crystalline P3HT and the exciton bandwidth W, which are measures of P3HT crystallinity.  

As summarized in Figure S4 and Table S6, the fraction of crystalline P3HT increased from 56 

(as-cast film) to 57% while W decreased from 0.146 (as-cast film) to 0.131 eV with increasing 

annealing temperatures.  This indicates that the crystallization of P3HT is subtly improved 

with increasing annealing temperature.  On the other hand, negligible change in the peak 

wavelength of N2200 was observed without regard to the annealing temperatures.  This 

suggests that annealing processes for the control blend films have limited impact on the 

crystallinity of P3HT and have negligible effect on the crystallinity of N2200. 

We fabricated three kinds of P3HT/N2200 devices using the active layers described above 

and measured J–V characteristics as displayed in Figure S1.  The resulting photovoltaic 

parameters of these solar cells are summarized in Table S7.  With increasing annealing 

temperature, as summarized in Table S7, short-circuit current density (JSC) increased while the 

photoluminescence quenching efficiency Φq decreased (Table S3).  As described later, the 

increase in JSC is probably due to enhanced charge collection by thermal annealing and the 

decrease in Φq is attributed to grown each domain by thermal annealing.  On the other hand, 

VOC exhibited a slight decrease in comparison with that of devices without annealing, which is 
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possibly related to changes in energy level of charge transfer (CT) state and/or differences in 

voltage loss caused by charge recombination.  Although it was expected that FF would 

increase with increasing annealing temperatures for donor polymers, no variation in FF was 

observed for the devices with typical annealing treatments.  This is probably because the 

crystallinity of P3HT was subtly increased even after thermal annealing. 

Firstly, we evaluated μ by the SCLC measurement for the electron- and hole-only devices 

using a series of three P3HT/N2200 blend films.  As summarized in Table S8, μ was 

improved both for electrons and holes with increasing annealing temperature.  This is 

probably because of a subtle increase in crystallinity of P3HT and/or changes in molecular 

packing and orientation of N2200.  Such an increase in mobility, however, is not consistent 

with no improvement in FF in P3HT/N2200 devices.  Hence, we next measured TPV/TPC of 

these solar cells to consider charge recombination dynamics.  Figure 5a shows log–log plots 

of τn against n for the devices with the different annealing treatments.  On the basis of these 

values together with slower μ, we examined the dependence of ζ on n for these devices.  As 

shown in Figure 5b, ζ was evaluated to be 0.05 and 0.07 for the devices without the thermal 

treatments and with annealing at 90 °C for 10 min, respectively, whereas it was evaluated to 

be 0.12 for the devices with annealing at 190 °C for 10 min.  In other words, there is no 

distinct differences in nongeminate recombination between them independently of the thermal 

treatments.  This is probably because thermal annealing has limited and negligible impacts 

on the crystallinity of P3HT and N2200, respectively, as described before. 

 

2.4. Blend morphology for P3HT/N2200 

To address the effects of morphological changes on nongeminate recombination for 

P3HT/N2200 blends, we measured C-AFM images of P3HT/N2200 blend films with the 
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different thermal annealing.  Note that the thickness of all the samples was adjusted to be 

about 60 nm to prevent the thickness dependence of current density.  Figures 6a–c show 

C-AFM hole current images (3 × 3 μm2) for these blend films.  Conductive hot spots locally 

found increased with increasing thermal annealing temperature in the control blend films, 

which is well consistent with improved μ as mentioned before.  This is attributed to slightly 

ordered P3HT chains induced by the thermal treatments.  In addition, Figure S2 shows 

histograms of hole currents for these samples as well as the neat films.  As shown in the 

figure, P3HT neat films exhibit a wide distribution in the hole currents from 50 to 350 pA.  

Here, the lower limit value of the hole current about 50 pA for this neat film was used as a 

criterion in separating three kinds of phases, which include a donor-rich phase, an 

acceptor-rich phase, and a mixed disordered phase.  To be more specific, the region with 

more than 50 pA was assigned to donor-rich phases, a nonconductive region with less than 0.6 

pA, which is the higher limit value of N2200 neat films, was assigned to acceptor-rich phases, 

and the other one was assigned to mixed disordered phases.  As shown in Figures 6d–f, we 

obtained three-phase images on the basis of the above analysis.  Figure 7 shows the fraction 

of each phase composition in the blend films with the different annealing treatments.  We 

found that each donor-rich and acceptor-rich domain occupied about 15% in the as-cast blend 

films while the phase composition increased to 32% for donor-rich and to 22% for 

acceptor-rich domains in the blend films annealed at 190 °C for 10 min.  As a result, the 

fraction of mixed phases decreased from about 70% in the as-cast blend films to 46% in the 

blend films heated at 190 °C for 10 min, which is consistent with Φq shown in Table S3. 

 

2.5. Origin of reduced nongeminate recombination 

We finally discuss the origin of reduced nongeminate recombination in terms of blend 
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morphology and crystallinity of donor polymers.  Among the all polymer solar cells we 

studied, only high crystalline donor polymers i.e, P3HT give rise to suppress nongeminate 

recombination as described before.  On the other hand, however, there is no clear correlation 

between the charge recombination dynamics and blend morphology or crystallinity in 

P3HT/N2200 blends with typical annealing treatments.  More specifically, ζ for the control 

blends was evaluated to be more or less the same (0.05 – 0.12) under typical thermal 

annealing conditions even though its blend morphology was clearly dependent on the thermal 

annealing conditions: as the annealing temperature was increased from 90 to 190 °C each rich 

phase increased but instead the mixed phase decreased in comparison with the as-cast film.  

However, the crystallization of P3HT was improved subtly but rather remained almost the 

same under typical annealing conditions.  This is consistent with more or less the same ζ for 

the control blends mentioned above.  On the other hand, ζ for the optimized blends was 

evaluated to be as low as 0.008, which is one to two orders of magnitude smaller than those of 

the control blends, suggesting that nongeminate recombination is more suppressed in the 

optimized blends than in the control blends.  To clarify the origin of this large difference, we 

have estimated the P3HT crystallinity for the optimized blends on the basis of the same 

analysis described above (Figure S4 and Table S6).  As a result, the fraction of crystalline 

P3HT increased from 56 to 60% and W decreased from 0.146 to 0.108 eV for the optimized 

blends, suggesting that they have more ordered crystalline structures compared with the 

control blends.  We therefore focus on the optimized blends to understand the origin of 

reduced nongeminate recombination in more detail. 

Figures 8a and 8b show C-AFM hole current and phase separation images (3 × 3 μm2) for 

the optimized blend films.  As shown in the figure, they exhibit a fibrillar-like structure of 

P3HT as well as a finer intermixed morphology.  The fraction of mixed phases for the 

optimized blend films was estimated to be about 72% on the basis of the same analysis 
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described in the previous section, which is comparable to that of as-cast films.  In addition, 

Figure 8c shows an enlarged image of phase separation, which corresponds to square box 

shown in the inset image.  As shown in the figure, there are many narrow mixed phases with 

a width of less than 20 nm as shown by the arrows.  Here, we focus not on the absolute value 

but rather on the relative one because the lateral resolution of this measurement is not high 

considering a cantilever tip radius of curvature (<10 nm).  This implies that there are two 

distinct features compared with the control blends.  The first one is that there is a higher 

crystallinity of P3HT in comparison with the control blends, which is in good agreement with 

absorption spectra of P3HT component (Figures S3 and S4).  A recent study has shown that 

the highest occupied molecular orbital (HOMO) level of P3HT crystalline is about 150 meV 

shallower than that of P3HT amorphous due to a difference in the effective conjugation length 

between them.28  Moreover, the P3HT fibrillar-like nanostructures have the HOMO level, 

which is shallower by 100 meV than that of P3HT crystalline aggregates as previously 

reported.29  This facilitates the formation of mixed phases with a cascaded energy structure 

in the HOMO levels between crystalline domains and amorphous domains at donor/acceptor 

interfaces with a sufficient energy offset as shown in Figure 9.  The second one is that the 

mixed phases are likely to be formed in the immediate vicinity of donor-rich and acceptor-rich 

domains, which is beneficial for a spatial separation of charge carriers.  Such a morphology 

with cascaded energy landscape at the donor/acceptor interface is a primary factor to reduce 

nongeminate recombination in this blend system.  This is in line with previous studies for 

polymer/small molecular blend systems in which one or both of donor and acceptor materials 

have a high crystallinity as previously reported.30–33   

In addition to the above factors, there are other possible parameters, inclusive of the 

domain purity and the charge dissociation efficiency from CT states, which have a critical 

effect on nongeminate recombination in polymer solar cells.25,34–37  In general, the donor 
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polymers with a high crystallinity facilitate the formation of their pure domains in the blend 

films.  Taking into account X-ray diffraction reported previously and absorption data (Figure 

S4 and Table S6), we can conjecture that the optimized blends with fibrillar-like 

nanostructures of P3HT observed by C-AFM have more ordered crystalline structures in 

comparison with the control blends, which enable us to obtain the purest P3HT domains in the 

blend films.  Such a pure domain has more number of charge states, which gives rise to 

increase entropy effect in the free energy.  This entropy effect would result in a decrease in 

Coulomb attraction energy, and hence play a crucial role in the suppressed nongeminate 

recombination.38,39  The charge dissociation from CT states is also one other possible factor 

affecting nongeminate recombination.37  In many cases, the blends based on a highly 

crystalline polymers are likely to form the delocalized CT states at the donor/acceptor 

interface, and thus may enhance the charge dissociation efficiency.  In this study, however, 

there is no clear correlation between them because the highest FF was found for the lowest 

EQE device as shown in Figure S5.  This suggests that charge dissociation from CT states 

has little effects on nongeminate recombination in our blend system.  A further study is 

required to gain in-depth understanding of the relationship between nongeminate 

recombination and charge dissociation from CT states.   

In summary, the optimized blends have a proper morphology with not too much growth in 

donor and acceptor domains as well as a higher crystallinity of P3HT.  Such a blend results 

in a cascaded energy structure with a sufficient energy offset where electrons and holes at the 

donor/acceptor interfaces are likely to move from mixed disordered phases to more stable 

crystalline phases.  This gives rise to a spatial separation of charge carriers in which they are 

unlikely to be encountered each other, eventually leading to suppressed nongeminate 

recombination.  In contrast, the control blends have morphologies that donor and acceptor 

domains are not mixed well as a result of the growth of each domain via the thermal 
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treatments, which is not beneficial for charge generation.  In particular, they exhibit a 

moderate crystallinity of P3HT even after the thermal annealing, which is not enough to form 

a proper cascaded energy structure in HOMO levels between crystalline domains and 

amorphous domains.  This makes it difficult to take place a spatial separation of charge 

carriers and hence accelerate nongeminate recombination. 

 

3.  Conclusions 

Nongeminate recombination was systematically studied for a series of four solar cells 

based on blends of donor conjugated polymers with different crystallinities and N2200 

acceptor conjugated polymer by TPV/TPC techniques together with C-AFM measurements.  

By measuring the thickness dependence of device performance, we found that the devices 

based on highly crystalline polymer P3HT show little dependence of the thickness up to 300 

nm on FF compared with the other devices based on amorphous polymer PTQ1 and less 

crystalline polymers PBDB-T and J51.  This is because nongeminate recombination is 

substantially reduced by two orders of magnitude in P3HT/N2200 blend systems than in the 

other counterparts.  On the other hand, little change in FF was observed for P3HT/N2200 

control devices with typical annealing treatments.  By analyzing TPV/TPC data, we found 

that there are no distinct changes in nongeminate recombination.  In other words, no clear 

correlation between charge recombination dynamics and blend morphology or crystallinity 

was observed for P3HT/N2200 control blends independently of the annealing treatments.  

On the other hand, reduced recombination was observed for the optimized devices.  We 

therefore further investigated blend morphology in the optimized and control devices by 

C-AFM measurements.  As a result, with increasing annealing temperature for the control 

blends, the phase fraction of mixed phases decreased from ~70 to ~50% due to the growth of 
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each rich domain, which is not suitable for charge generation.  Particularly, as the annealing 

temperature increased, the crystallinity of P3HT was subtly increased but not enough to build 

a cascaded energy structure in HOMO levels between crystalline domains and amorphous 

domains at donor/acceptor interface, leading to accelerate nongeminate recombination.  On 

the other hand, the optimized blends have a finer intermixed morphology with a moderate 

growth of donor and acceptor domains in which the mixed phases would be formed nearby 

donor-rich and acceptor-rich domains.  In addition, they show highly crystalline fibrils of 

P3HT, which facilitates the formation of mixed phases with sufficient energetic offsets 

between the crystalline phase and the amorphous phase.  Such conditions enable charge 

carriers at the donor/acceptor interfaces to move from mixed disordered phases to more stable 

crystalline phases, resulting in a spatially separation of charge carriers, and thus suppresses 

nongeminate recombination in the devices.  In summary, for achieving a high FF even with 

thick active layers in all polymer blend systems, it is of key importance to obtain an 

intimately mixed blend morphology with a sufficient energetic offset between the crystalline 

phase and the amorphous phase which can be incurred by highly crystalline of donor 

polymers.  This will attract more interest in photovoltaic community and furthermore would 

pave the way towards commercially viable all polymer solar cells with high PCE as well as 

excellent mechanical durability. 

4. Experimental Section 

Materials  

All of the polymers were employed without further purification as follows: 

Poly(3-hexylthiophene-2,5-diyl)-regioregular (P3HT, Sigma‒Aldrich, regioregularity >90%, 

and Mn = 23,600), 

poly[2,3-bis-(3-octyloxyphenyl)quinoxaline-5,8-diyl-alt-thiophene-2,5-diyl] (PTQ1, Ossila, 
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Mn = 61,571, and PDI = 2.44), 

poly[(2,6-(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)-benzo[1,2-b:4,5-bˊ]dithiophene))-alt-(5,5-(

1ˊ,3ˊ-di-2-thienyl-5ˊ,7ˊ-bis(2-ethylhexyl)benzo[1ˊ,2ˊ-c:4ˊ,5ˊ-cˊ]dithiophene-4,8-dione)] 

(PBDB-T, Solarmer Materials, Inc.), 

poly{2,6-bis(trimethyltin)-4,8-bis[5-(2-ethylhexyl)thiophen-2-yl]benzo[1,2-b:4,5-bˊ]dithiophe

ne-alt-4,7-bis(5-bromothiophen-2-yl)-2-(2-butyloctyl)-5,6-difluoro-2H-benzo[d][1,2,3]triazol

e} (J51, Sigma‒Aldrich, Mn = 22,100, and PDI = 2.6), 

poly{[N,Nˊ-bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5ˊ-(2,

2ˊ-bithiophene)} (N2200, Osilla, Mn = 31,000, and PDI = 4.26), 

2,9-bis[3-(dimethyloxidoamino)propyl]anthra[2,1,9-def:6,5,10-dˊeˊfˊ]diisoquinoline-1,3,8,10 

(2H,9H)-tetrone (PDINO and Solarmer Materials, Inc.), 

poly[(9,9-bis(3-(N,N-dimethyl)-N-ethylammonium)-propyl)-2,7-fluorene)-alt-2,7-(9,9-dioctyl

fluorene)]dibromide (PFN-Br and Solarmer Materials, Inc.), and 

poly(3,4-ethylenedioxythiophene) with poly(4-styrenesulfonate) (PEDOT:PSS and H. C. 

Starck Clevios PH500). 

 

Device Fabrication  

All polymer solar cells based on active layers of PTQ1/N2200, J51/N2200, and P3HT/N2200 

were fabricated with a conventional device structure, which is indium–tin-oxide (ITO)-coated 

glass substrate/PEDOT:PSS/active layer/buffer layer/metal cathode.  In particular, to control 

the crystallization of P3HT and mixed-phase states, P3HT/N2200 devices were intentionally 

fabricated with two deposition methods, which are described in detail below.  On the other 

hand, PBDB-T/N2200 solar cells were fabricated with an inverted device structure, which is 

ITO-coated glass substrate/ZnO/active layer/MoO3/Ag.  For the devices with a normal 

layered structure, a hole-transporting buffer layer (~40 nm) of PEDOT:PSS was spin-coated 
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onto the cleaned ITO-coated glass substrates at 3000 rpm for 99 s, and then dried on a hot 

plate at 140 °C for 10 min.  In contrast, for the devices with an inverted layered structure, an 

electron-transporting buffer layer (~20 nm) of zinc oxide (ZnO) was deposited on the cleaned 

ITO-coated glass substrates by spin-coating at 1200 rpm for 20 s from a solution of ZnO 

nanoparticles prepared by the method reported previously.S1  Prior to deposition of active 

layers, these substrates were transferred into an inert glove box under a nitrogen atmosphere 

(H2O and O2 < 1 ppm).  The blend active layers were prepared atop ITO/PEDOT:PSS or 

ITO/ZnO substrates according to each fabrication condition (Table S1).  For J51/N2200 

blend devices, PDINO buffer layer (~10 nm) was spin-coated at 3000 rpm for 30 s from a 

methanol solution (1.0 mg mL−1).  Finally, metal electrode was thermally evaporated under 

vacuum at 2.5 × 10−4 Pa in accordance with each device (Table S1).  The devices were 

encapsulated in the glovebox using a UV curable epoxy (Ossila) for the J–V and TPV/TPC 

measurements to prevent device degradation caused by air exposure. 

 

Measurements 

Absorption and PL Spectroscopy:  The absorption spectra were measured with a 

spectrophotometer (Hitachi, U-4100).  The photoluminescence spectra were measured with a 

fluorophotometer (Horiba Jobin Yvon, NanoLog).  The samples were excited at 500 nm and 

700 nm for selective excitation of donor and acceptor, respectively. 

 

Macroscopic J–V Measurements:  The macroscopic mobility measurements were performed 

in a nitrogen-filled chamber.  On the basis of the Mott–Gurney equation, it was evaluated 

from J–V curves in the SCLC region for hole-only devices with a layered structure of 

ITO/PEDOT:PSS/active layer/Au and electron-only devices with a layered structure of 

ITO/ZnO/active layer/PFN-Br/Al.  The J–V characteristics for solar cells were measured 
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using a DC voltage and current source/monitor (Keithley, 2611B) in a dark and under 

AM1.5G simulated solar illumination at 100 mW cm−2.  The light intensity was corrected 

with a calibrated Si photodiode (Bunko-Keiki, BS-520).  

 

TPV/TPC Measurements:  TPV/TPC measurements were performed for the polymer solar 

cells under bias white light illumination from a white LED with diverse intensities from 0.1 to 

1 Sun.  A small perturbation pump pulse at 532 nm was provided from an Nd:YAG laser 

(ELforlight, SPOT-10-200-532) with a repetition rate of 100 Hz and a pulse width of <1.8 ns.  

The transient photovoltage generated by the laser pulse was monitored with a 200-MHz 

digital oscilloscope (Tektronix, TDS2022B).  For TPV measurements, the input impedance 

of the oscilloscope was set to 1 MΩ to keep the device at open circuit.  For TPC 

measurements, the input impedance of the oscilloscope was set to 50 Ω to hold the device at 

short circuit.  The transient photovoltage was measured through the 50 Ω resistor, which can 

be converted to transient current on the basis of Ohm’s law.   

 

C-AFM Measurement:  C-AFM measurements were performed with a layered structure of 

ITO/PEDOT:PSS/Active layer/Au using a microscope (Shimadzu, SPM-9700) in contact 

mode with an Au-coated silicon probe (Nanosensors, PPP-CONTAu, a tip radius of curvature 

<10 nm, and a spring constant of 0.2 N m−1) under the room light in ambient atmosphere.  

The surface topography and corresponding current images were simultaneously obtained with 

operating at a constant sample bias of −1.5 V (reverse bias).  Note that the room light has 

little effects on the generation of hole currents.  In addition, the hole currents of P3HT are 

not linearly dependent on the portion of P3HT because there is a variation in its hole currents 

in accordance with the degree of crystallization and/or domain purity.  
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Figures and Figure Captions 

 

 

 

Figure 1.  Chemical structures of materials employed in this study: a) P3HT, b) PTQ1, c) 

PBDB-T, d) J51, and e) N2200. 
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Figure 2.  a) J–V characteristics (solid lines) and b) thickness dependence of FF (symbols) 

of all polymer solar cells based on blends of donor conjugated polymers with different 

crystallinities and N2200 acceptor conjugated polymers: red (P3HT), blue (PTQ1), green 

(PBDB-T), and orange (J51). 
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Figure 3.  a) Double logarithmic plots of τn against n and b) the dependence of ζ on n for all 

polymer solar cells using different donor conjugated polymers: red diamonds (P3HT), blue 

circles (PTQ1), green triangles (PBDB-T), and orange squares (J51).  Closed symbols 

indicate τn and ζ under 1 sun illumination condition. 

 



 27 

 

 

Figure 4.  Absorption spectra of a) P3HT and b) N2200 obtained by spectral resolution of 

each P3HT/N2200 blend film with different annealing treatments: blue (as cast), green (90 °C 

for 10 min), and red (190 °C for 10 min).   
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Figure 5.  a) Double logarithmic plots of τn against n and b) the dependence of ζ on n for 

P3HT/N2200 devices with the different annealing treatments: blue circles (as cast), green 

triangles (90 °C for 10 min), and red squares (190 °C for 10 min).  Closed symbols indicate 

τn and ζ under 1 sun illumination condition. 
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Figure 6.  a–c) C-AFM current images and d–f) phase separation of P3HT/N2200 blend 

films with the different annealing treatments: the left column (as cast), the center column 

(90 °C for 10 min), and the right column (190 °C for 10 min).  The scale bars correspond to 

1 μm in length. 
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Figure 7.  Fraction of each phase in P3HT/N2200 blend films with the different annealing 

treatments: red bar (donor-rich component), green bar (mixed component), and blue bar 

(acceptor-rich component). 
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Figure 8.  a) C-AFM current images, b) phase separation images, and c) an enlarged image 

of phase separation for the optimized P3HT/N2200 blend films.  The scale bars correspond 

to 1 μm (a and b) and 200 nm (c) in length.  The arrows indicate the width of mixed phases 

existing between P3HT-rich domain and N2200-rich domain. 
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Figure 9.  Schematic illumination of blend morphology at donor/acceptor interfaces with a 

cascaded energy structure between crystalline domains and amorphous domains. 
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