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It is well known that even small variations in the solid-state 10 

microstructure of polymer:fullerene bulk heterojunctions can 

drastically change their organic solar cell device 

performance. We employ pBTTT:PC61BM as a model system 

and manipulate co-crystal formation of 1:1 (by weight) blends 

with the assistance of fatty acid methyl esters as additives. 15 

This allows us to evaluate the role of the intermixed phase in 

such binary blends through manipulation of their phase 

morphology—from fully intercalated to partially and 

predominantly non-intercalated systems— and its effect on 

the exciton- and carrier- dynamics and the efficiency of 20 

charge collection, with relevance for future device design and 

manufacturing. 

 

Despite the rapid and significant progress in polymer-

fullerene blends for use as the light-harvesting active layer in 25 

Organic Photovoltaic (OPV) devices, there is still a lack of 

complete understanding of the actual phase morphology achieved 

in the active layer (i.e. the number of phases present and the 

consequent complexity of the resulting microstructure) and its 

correlation to device performance. Recently, significant efforts 30 

have been devoted to elucidate the role intermixed phases play. 

One of the best studied systems in this context is the bulk 

heterojunction (BHJ) composed of poly(3-hexylthiophene) 

(P3HT) and [6,6]-phenyl C61-butyric acid methyl ester (PC61BM), 

which has been investigated since the early 1990s,1 and for which 35 

multiple phases have been identified. For instance, following the 

initial observation of polymer:fullerene miscibility and the 

measurement of a bimodal composition by Watts et al., groups 

including Collins et al., Treat et al. and Yin et al. found that 

PCBM aggregates and/or molecular species are miscible and mobile 40 

in disordered P3HT.2 Pfannmöller et al. used Energy-filtered 

Transmission Electron Microscopy (EFTEM) to detect such a third 

intermixed (‘composite’) phase,3 which exists in addition to the 

previously proposed BHJ microstructure of relatively phase-pure 

domains of the polymer and the fullerene. Further characterisation 45 

with X-ray diffraction and neutron reflectometry performed by 

Hyun Wook et al. showed that the mixing of P3HT and PCBM is 

influenced by many factors, such as the volumetric degree of 

ordering in the polymer and whether or not the PCBM is (pre-

)aggregated.4 Other authors have calculated the weight fraction of 50 

PCBM able to interdiffuse in regiorandom P3HT to be between 20 

wt.% (for PC61BM) to 41 wt.% (for PC71BM).5 It appears also 

that the high miscibility of fullerene derivatives with amorphous 

polymers or the disordered phase of semi-crystalline polymers is 

a rather universal behavior for binary polymer:fullerene systems;6 55 

however the ability to control the extent of mixing has not been 

demonstrated, and it is still poorly understood what the optimum 

phase morphology is for efficient devices.  

Clearly, if we want to reach the maximum performance 

within polymer-fullerene BHJ solar cells, we need to gain a more 60 

in-depth knowledge and control of donor:acceptor blends in order 

to correlate their optical and electronic properties with their solid-

state microstructure and phase morphology. Thereby, it is critical 

to identify the required fraction of intermixed phases that 

provides the best compromise between relevant optoelectronic 65 

processes for maximizing their photovoltaic performance. Here, 

we present a versatile way to manipulate, and thus easily study, 

such functional two-component, multi-phase blend architectures. 

We propose a strategy which exploits the fact that several 

conjugated polymers are capable of hosting certain fullerene 70 

derivatives such as PC61BM in “cavities” within their molecular 

arrangements to form what is termed a co-crystal,7 representing an 

ordered intermixed phase in contrast to the intermixed amorphous 

solid-solutions formed by, for instance, the molecularly disordered 

fractions in P3HT:PC61BM binaries.  75 

One example of such a co-crystal formation is the 

supramolecular arrangement obtained in blends of the thiophene-

based polymer, poly(2,5-bis(3-alkyl-thiophene-2-yl)thieno[3,2-

b]thiophene)s (pBTTT)8-11 and PC61BM, whose structure, 

photophysical properties and device performance have been well 80 

studied.12-15 We have, for instance, previously shown that, films of 

this blend of 1:1 (by weight) composition comprise primarily the co-

crystal, with minimal pure phases, resulting in rapid electron/hole 

recombination and consequently poor photocurrent generation, 

although there is still a measurable long-lived mobile polaron 85 

population.16 
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Co-crystal formation makes the binary pBTTT:PC61BM an ideal 

model system for controlling and characterizing the amount/type of 

phases that are present in this system by manipulation of the extent 

of fullerene intercalation in the polymer; i.e. by controlling the 

amount of this ordered intermixed phase. We therewith aim to 5 

answer the two following questions: (i) An intermixed phase (i.e. 

PCBM molecules intimately mixed with the polymer chains; in 

the present case-in-point, the co-crystal) seems to be present in 

many OPV devices: what is its importance and what role does it 

play in the photophysics? (ii) Can we design and fabricate an 10 

ideal phase morphology that maximizes the yield of long-lived 

free charges?  

With these questions in mind we describe here a methodology to 

modify the phase morphology of 1:1 pBTTT:PC61BM blends using 

commercially available and economically viable additives. Through 15 

introduction of such additives, we induce either a fully intercalated, 

partially intercalated, or a predominantly non-intercalated system. 

We discuss how these changes in the phase morphology affect the 

exciton and carrier dynamics, and deduce the corresponding 

efficiency of charge collection.  20 

We selected for our purpose asymmetrical compounds as 

processing aids—methyl esters of two fatty acids: dodecanoic acid 

methyl ester (Me12) and heptanoic acid methyl ester (Me7)—with 

the idea that their polar heads would favor PC61BM while their alkyl 

‘tail’ would favor the side-chains of pBTTT. Figure 1a shows the 25 

chemical structures of pBTTT, PC61BM and these additives. We 

expected the additives to direct the supramolecular assembly of the 

two OPV components. Both additives, i.e. Me12 and Me7, were, 

however, not intended to act as plasticizers such as processing 

additives like 1,8-diiodooctane (DIO), 1,8-octanedithiol (ODT) and 30 

1,8-dichlorooctane (DCO), which are symmetrical and frequently 

applied to modify the morphology of the active layer to realize an 

improvement of device performance.17  Indeed, Cates et al. did not 

find improvement in device performance when using DIO in 1:1 

pBTTT:PC71BM devices14 indicating that these species cannot be 35 

used to control the phase morphology - which is the objective of this 

work. 

When using 1:1 (by weight) pBTTT:PC61BM blends and adding 

10 mol of the corresponding additive per monomer unit of the 

pBTTT, a first observation can be readily made: by varying the 40 

length of the alkyl ‘tails’ (C7H15 vs. C12H25) of the additive the 

amount of fullerene that is intercalated in the polymer seems to 

be altered. Note here that thereby we found the use of additives with 

different tail lengths to be more efficient than varying the additive 

fraction. In fact, the longer alkyl additive seems to be able to expel 45 

considerable fractions of the fullerene, leading to a noticeable 

amount of relatively phase-pure pBTTT regions. This can be 

deduced from the Grazing-Angle Incidence Wide-Angle X-ray 

Scattering (GIWAXS) data shown in Figure 1b, where we 

compare the neat polymer (i), with the pBTTT:PC61BM binary (ii) 50 

and the corresponding ternary systems. In the pBTTT:PC61BM 

blend (ii), the first (100) polymer diffraction order at q ~ 0.28 Å-1 

is shifted to higher distances (q ~ 0.2 Å-1) due to co-crystal 

formation.11-14 However, when Me12 (iii) and Me7 (iv) are 

introduced into the system, we observe two (100) diffractions, 55 

one at q ~ 0.2 Å-1 characteristic for the co-crystal, and one at q ~ 

0.28 Å-1 that can be attributed to the neat polymer. This is a clear 

indication that for both ternaries the formation of an intercalated 

phase is at least partly prevented, with the Me12 additive seeming 

to have a more pronounced effect, leading to a higher fraction of 60 

phase-pure pBTTT domains, as evident from the stronger 

diffraction observed at q ~ 0.28 Å-1 for this ternary compared to 

the system comprising Me7.  

These findings are supported and quantified by Scanning 

Transmission X-ray microscopy (STXM; Figure 1c/d), which 65 

also allows us to determine the composition of the different 

blends. Figure 1d displays absorbance measurements near the 

carbon 1s absorption edge of pBTTT:PC61BM blend films (along 

the white lines indicated in the different panels of Figure 1c), 

processed with Me12 (iii) and Me7 (iv) and without additives (ii). 70 

The spectra are fit using a linear combination of the neat pBTTT 

and PC61BM reference spectra following previously established 

procedures.5,6c,18 We find that both the pBTTT:PC61BM binary 

(ii) and the pBTTT:Me7:PC61BM ternary (iv) comprise a similar 

average PCBM content in the pBTTT matrix: about 42 wt. % and 75 

43 wt.%, respectively. These data reinforce the idea that a 

considerable fraction of intermixed phase is still present in the 

blends comprising the short-chain additive Me7 (iv), as also 

indicated by the pronounced diffraction at q ~ 0.2 Å-1 in 

GIWAXS. In contrast, only about 19 wt.% of PC61BM is detected 80 

in blends comprising Me12 (iii), supporting the picture that 

longer additives such as Me12 are able to efficiently macro-phase 

separate the polymer and the fullerene and, thus, deplete a larger 

amount of PC61BM molecules from the mixed phase (here, the 

co-crystal), leading to a phase morphology dominated by the co-85 

existence of relatively pure phases of both components (i.e. 

pBTTT and PC61BM).  

Optical microscopy highlights the consequence the various 

phase morphologies has on the film-forming characteristics of 

these blends (see Supplementary Figure S1/a): the presence of 90 

additives increases the surface roughness of the films, which 

exhibit large fullerene domains (verified with STXM) when the 

long-chain additive Me12 is used, likely due to the phase 

separation of the polymer and fullerene, leading to a stronger 

aggregation of the PC61BM component in pBTTT:Me12:PC61BM 95 

ternaries. In addition, we found that longer tailed additives, such 

as C13H27 (called here Me14), are able to expel even higher 

amounts of PC61BM as shown in Supplementary Figure S1a/b. 

Note that the features observed in pBTTT:Me7:PC61BM 

microscope images are due to surface roughness and not large-100 

scale phase separation. This was confirmed with STXM data at 

different photon energies supporting that those features seen for 

pBTTT:Me7:PC61BM are not PC61BM aggregates (see 

Supplementary Figure S1/c). At the same time, Resonant Soft X-

ray scattering (R-SoXS)19 shows that films comprising Me12 and 105 

Me7 have nano-morphologies with very similar spatial frequency 

distributions that are characterized by a median characteristic 

length scale of ~ 25 nm (see Supplementary Figure S2). 

Moreover RSoXS data show different intensities for ii and iv 

providing further evidence that pBTTT:Me7:PC61BM consists of 110 

a 3-phase morphology producing contrast between the co-crystal 

(i.e. fully intercalated) phase as well as the (relatively) phase-pure 
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polymer and PC61BM regions. In contrast, the pBTTT:PC61BM 

binary forms a 1-phase system quenching any possible contrast 

between the polymer and the fullerene over the measurement 

length scale of R-SoXS (10 nm to 1 µm). Note also that the 

separation between polymer chains for the fully intercalated 5 

blend is ~ 3nm (from WAXS measurements), which is below the 

smallest lengths scale probed with R-SoXS. Thus, only volume 

fraction and not the length scale of the nano-morphology was 

manipulated. 

The latter observation is in agreement with data obtained by 10 

Time-correlated Single-photon Counting (TCSPC), where the 

photoluminescence (PL) decays (Figure 2a) are close to the 

instrument response limit for both the pBTTT:PC61BM binary (ii) 

and pBTTT:Me7:PC61BM ternary (iv), i.e. systems for which 

GIWAXS indicates the presence of a considerable amount of 15 

intercalated material. Apparently, the fine intermixing of the 

donor and acceptor molecules, as found in a co-crystal, results in 

very rapid exciton quenching.16b In contrast, the PL decay 

measured for pBTTT:Me12:PC61BM (iii), whilst still strongly 

quenched relative to neat pBTTT [note we show here the decay 20 

of pBTTT:Me12 (v) which is similar to the neat polymer], is 

significantly slower than those observed for the pBTTT:PC61BM 

(ii) and pBTTT:Me7:PC61BM (iv) blends, pointing to the fact that 

excitons are longer-lived in these samples. Since ternaries 

comprising Me12 (iii) appear to possess a microstructure 25 

comprising more defined, relatively phase-pure pBTTT as 

indicated by our GIWAXS and STXM data, the extended exciton 

lifetime is likely to result from the necessity for the exciton to 

reach an interface between the neat pBTTT and PC61BM 

domains. Note though that the steady-state photoluminescence 30 

quenching (PLQ) for all systems comprising PC61BM was high 

(Figure 2b); the addition of fatty acid methyl esters did decrease 

the PLQ, with the pBTTT:Me12:PC61BM ternaries featuring the 

least quenching in agreement that Me12 is better able to prevent 

intercalation of the fullerene into the pBTTT than its Me7 35 

counterpart. 

Based on the GIWAXS, STXM, R-SoXS, TCSPC and PLQ 

data we conclude that the microstructure of pBTTT:PC61BM 

systems can be manipulated by use of additives and they can be 

utilized to control the amount/type of phases present depending 40 

on their precise nature (see schematics presented in Figure 2c). 

The pBTTT:PC61BM binary (ii), at the composition selected (1:1 

by weight) is well known to form a co-crystal (i.e. a 1-phase 

system) in agreement with our data. When adding Me12 to the 

system, a considerable amount of the fullerene is expelled into 45 

macrophase-separated domains, lowering the average PCBM 

concentration of the nano-morphology. Hence, a noticeable 

fraction of neat pBTTT and, likely, neat PC61BM phases are 

present in these thin-film architectures, with the phase separation 

being directed by the Me12 (iii). Me7 seems less efficient to 50 

induce phase separation; as a consequence a 3-phase morphology 

is induced in pBTTT:Me7:PC61BM ternaries (iv) that is 

dominated by the highly intermixed phase comprising the co-

crystal, with the pure pBTTT and PC61BM regions being minority 

phases.  55 

Having established a microstructural picture of the various 

binaries and ternaries discussed here, we probed their electronic 
landscape, and in particular, the photoinduced charge carrier 
generation and decay in such systems. To this end, we performed 
Transient Absorption Spectroscopy (TAS) and Time-Resolved 60 

Microwave Conductivity (TRMC) measurements. TRMC is a 
contactless, pump-probe technique that is sensitive to mobile 
carriers and is a complementary technique to TAS. Charge 
generation and decay are monitored through the time-resolved 
changes in absorbed microwave power by the sample, which are 65 

related to the transient photoconductance, ∆G(t).20 Note though 
that with both techniques also relevant information on the phase 
morphology can be deduced; for instance, Jamieson et al. 
recently reported TAS data of pBTTT:PC61BM blends of varying 
composition, where significant generation of long-lived charges 70 

was only observed for PC61BM loadings ≥50 wt. %,16a 

corresponding to a composition where all available intercalation 
sites are filled and relatively phase-pure PC61BM domains are 
formed; while with TRMC, Rance et al. showed for 
pBTTT:fullerene blends, that upon formation of pure domains of 75 

PC71BM or bis-PC61BM mobile electrons also begin to contribute 
to the high-frequency mobility and enhanced mobile carrier 
lifetimes are observed.16b 

We first discuss the TAS data obtained on the various 
pBTTT:PC61BM blends, measured by monitoring the absorbance 80 

of pBTTT polarons at 980 nm (Figure 3a). The observed 
transients all exhibit similar power-law decays on the 20 – 400 ns 
timescale, characteristic of non-geminate recombination of 
separated (free) polarons.21 The magnitude of these signals is 
therefore indicative of the yields of dissociated polarons. The 85 

largest photoinduced absorption (∆OD) is observed for the 
pBTTT:Me7:PC61BM (iv) ternary, indicating that this 3-phase 
system which comprises a considerable amount of intermixed 
phase in the form of the co-crystal beside some predominantly 
pure regions of pBTTT and possibly PC61BM, exhibits the 90 

highest separated polaron yield (Table 1).  
A similar trend is observed in the corresponding 

photoconductance transients obtained in TRMC (Figure 3b). The 
decay dynamics are, for instance, comparable to those observed 
in TAS, indicating that they are indeed dominated by non-95 

geminate recombination, as discussed above. Also, the highest 
photoconductance signal is again obtained for the 
pBTTT:Me7:PC61BM system (iv), followed by the 
pBTTT:Me12:PC61BM ternary (iii). The lowest signal is 
observed for the pBTTT:PC61BM binary (ii). [Note that the 100 

photoconductance of pBTTT:Me12 (v) is also plotted here to 
demonstrate that these additives do not change significantly the 
mobilities of holes inside neat pBTTT. An essentially identical 
behavior was observed for pBTTT:Me7].  

We furthermore estimated the charge-carrier yield combining 105 

our TRMC data with those obtained from TAS and 
photoluminescence decay measurements (Table 1). For this 
purpose we utilized the fact that the measured peak 
photoconductance signal is related to the product of the yield for 
free carrier generation and the sum of the mobilities of free 110 

charge carriers (φΣµ), as shown in Equation 2 in the 
Experimental Section. By extrapolating the peak 
photoconductance signal to the linear regime at low light 
intensities (see Supporting Information Figure S3), using 

Page 3 of 13 Materials Horizons

M
at

er
ia

ls
 H

o
ri

zo
n

s 
A

cc
ep

te
d

 M
an

u
sc

ri
p

t



 

4  |  Journal Name, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 

Equation 3 in the Experimental Section, we can estimate the peak 
φΣµ values for neat pBTTT, and all blends with and without 
additives. For the neat pBTTT (as well as binaries of the polymer 
with the additives, i.e. pBTTT:Me7 and pBTTT:Me12), we 
moreover assume that photoinduced electrons are trapped and 5 

that the photoconductance is therefore dominated by mobile 
holes, which possess a high-frequency mobility of ∼0.01 
cm2/Vs.22 This results in a free-carrier yield in the neat polymer 
of ~2.5% which increases slightly (but remains very low) for 
pBTTT:Me7 (2.7%) and pBTTT:Me12 (2.9%). 10 

The situation changes when PC61BM is added to the polymer 
or polymer:additive system: for all blend films studied 
photoluminescence quenching data (steady-state and time-
resolved) indicates that the efficiency of PBTTT exciton 
quenching is ≥ 75%. As such, the increase in separated polaron 15 

yields observed in the TRMC and TAS data with methyl ester 
addition cannot be assigned to enhanced exciton quenching with 
respect to the pBTTT:PC61BM binary (indeed Me12 addition 
slightly reduces the efficiency of exciton quenching). We have 
previously reported that the long-lived polaron yields observed 20 

for the 1:1 (by weight) pBTTT:PC61BM binary in the absence of 
additives is partially limited by electron/hole recombination in the 
highly intermixed co-crystal in the film.16a As such the increase in 
the long-lived separated polaron yields with methyl ester addition 
can be assigned to increased phase segregation, as indicated from 25 

the structural data above, with the presence of relatively pure 
pBTTT and PC61BM phases assisting the co-crystal in spatial 
separation of photogenerated electrons and holes.  

In the following we attempt to quantify the separated polaron 
yields and determine the contribution of mobile electrons to the 30 

measured photoconductance signals for the blends with PC61BM 
(Table 1). For the pBTTT:PC61BM binary, which is fully 
intercalated, we assume that the electrons are unable to resonate 

at the frequency of the microwave probe beam, consistent with 
the observations made for blends of pBTTT with PC71BM, 35 

another fullerene derivative, prior to the formation of relatively 
phase-pure acceptor domains at higher PC71BM loadings.16b This 
results in a predicted free-carrier yield of ~33%, indicating that 
intimate mixing of the polymer and fullerene derivative in this 
blend results in reasonably efficient dissociation of excitons into 40 

long-lived free carriers. However, the relative exciton lifetimes in 
neat pBTTT and pBTTT:PC61BM, as measured using TCSPC, 
indicate an exciton quenching yield of ~95% in the blend. The 
discrepancy between the yields predicted from the PL lifetimes 
and the photoconductance signal observation suggests that there 45 

is an additional process that results in exciton quenching but does 
not give rise to mobile carriers, presumably due to rapid 
electron/hole recombination below the response time of our 
TRMC system. [We note that in previous work the binary 
pBTTT:fullerene films were subjected to a high temperature 50 

anneal at 180 °C that drives extensive formation of the fully 
intercalated co-crystal and leads to higher yield for free carrier 
generation measured by TRMC than obtained here.16b The high 
temperature anneal is not performed here since the scope of our 
study is to control the morphology by using appropriate 55 

additives.]  
For the pBTTT:Me7:PC61BM blends, we use the exciton 

lifetime measured by TCSPC to estimate the maximum possible 

free carrier yield, also giving a value of 95%. Since the data for 
the pBTTT:PC61BM binary suggests that intercalation results in a 60 

large discrepancy between the exciton quenching and free carrier 
yield, this value of 95% represents an upper limit for the free 
carrier yield in pBTTT:Me7:PC61BM; which means that the 
lower limit for the mobility sum, Σµ, is ~0.027 cm2/Vs. This 
calculation implies that mobile electrons begin to contribute to 65 

the measured photoconductance signal in pBTTT:Me7:PC61BM 
ternaries (contrary to pBTTT:PC61BM systems), likely because 
some phase-pure PC61BM domains are formed as a result of the 
expulsion of the fullerene from the pBTTT domains by the Me7 
additive (as observed in GIWAXS), confirming our picture of a 70 

three-phase morphology in this ternary system.  
For pBTTT:Me12:PC61BM samples, we can also use our 

TCSPC data in combination with the relative transient polaron 
absorption to estimate upper and lower limits for the free carrier 
yield. This approach results in values for φ of 36 and 75%, which 75 

places bounds on Σµ of 0.015 and 0.031 cm2/Vs. The presence of 
a reduced amount of intimately mixed pBTTT and PC61BM in 
this ternary suggests that once again the free carrier yield is likely 
to tend toward to lower value, which suggests that mobile 
electrons can also be detected for this ternary, consistent with our 80 

structural analysis, which indicates the presence of considerable 
fractions of relatively phase-pure PC61BM domains. 

The question that remains is how these changes in exciton 
and charge-carrier generation and dynamics affects device 
performance. To this end, we fabricated OPV devices coating the 85 

active layer with a wire-bar coater, the performance of which was 
highly reproducible (see Figure 4a and Supplementary Table S1). 
For the pBTTT:PC61BM binary (ii) we observe poor OPV 
performance, with low open-circuit voltage (Voc), short-circuit 
current (Jsc), and fill factor (FF), consistent with previous 90 

reports12-14 and in agreement with extensive PC61BM 
intercalation and the absence of neat domains of the fullerene 
derivative, which results in rapid electron/hole recombination 
preventing extraction of charges from the device and thus low 
photocurrent density.14,16a Devices fabricated using the 95 

pBTTT:Me12:PC61BM ternary (iii) as the active layer show a 
slight improvement in device performance, mainly due to 
improved Jsc and FF. In accord with the TAS and TRMC data, 
the optimum performance is achieved for pBTTT:Me7:PC61BM 
(iv) active layer. Our data, hence, support the picture that an 100 

optimum phase morphology is present in systems where charge 
generation occurs in a finely intermixed polymer/fullerene phase 
followed by spatial separation of electrons and holes at the 
interface of this mixed phase and relatively phase-pure domains 
of the polymer or the fullerene.16a The presence of a relatively 105 

large fraction of such an intermixed phase coexisting with pure 
domains appears favorable. Indeed, the ternaries comprising the 
Me12 additive, leading to a more pronounced phase-segregation of 
the pBTTT and PC61BM, seem to be somewhat limited by exciton 
diffusion. Moreover, our work shows that quite a considerable 110 

amount of intermixed phase needs to be present for efficient device 
performance. So far common believe in the field has generally been 
that large amounts of phase-pure domains will lead to optimum 
OPV efficiency. It is also rather unambiguous from our data that 
fully intermixed systems are detrimental for OPV device 115 

performance: the binary pBTTT:PC61BM blend, as well as the 
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ternary pBTTT:Me7:PC61BM blend (iv) after annealing at 150 °C 
(anniv)—leading also to a fully intercalated blend [see Electron 
Spectroscopic Images (ESI) in Figure 4b and temperature-dependent 
WAXS data in the Supplementary Information S4]—feature the 
lowest device efficiencies. 5 

Finally, we note that Bartelt et al. have recently come to very 
similar conclusions having investigated a three-phase 
morphology that included an amorphous, mixed regions, the 
composition of which was manipulated by annealing.6a The 
presence of the mixed region was critical and required a specific 10 

threshold PCBM concentration to be reached for high 
performance. Intercalation, as used here, is a natural way of 
keeping the PCBM concentration in the mixed regions 
sufficiently high. 

Conclusions 15 

We demonstrated that the extent of intercalation of PC61BM 
into the crystalline domains of pBTTT can be controlled through 
the use of long fatty acid methyl ester as additives. We showed 
that the shorter chain additive, Me7, hinders to a certain extent 
intercalation of PC61BM into the polymer structure, resulting in 20 

the formation of a 3-phase system, consisting of predominantly 
intercalated co-crystals that co-exist with relatively pure pBTTT 
and PC61BM minority phases. [Note: we do not exclude the 
presence of partially intercalated co-crystals]. In contrast, the 
longer chain additive, Me12, appears to be more effective in 25 

preventing formation of co-crystalline structures and leads to a 
more pronounced macro-phase separation of pBTTT and 
PC61BM. We used TAS and TRMC spectroscopic techniques to 
show that in the presence of PC61BM, exciton quenching and free 
carrier generation are enhanced in all blends. In the absence of 30 

any additives, i.e. in the case of the fully-intercalated 1:1 
pBTTT:PC61BM binary, the efficient exciton quenching does, 
however, not correlate with quantitative free carrier formation. 
An optimum free carrier yield is obtained for the partially-
intercalated pBTTT:Me7:PC61BM ternary comprising a 35 

considerable fraction of co-crystal, which seems to also provide 
the ideal microstructure for long-range carrier transport. Our 
results highlight the importance of having a certain amount of 
relatively pure domains of either the polymer or the fullerene or 
both.23 These can act as energetic sinks for the generation of 40 

charges, relative to amorphous or mixed domains,16a and/or 
provide an entropic (carrier density gradient) driving force due to 
formation of the carriers in the mixed phase and lack of electron 
density in the relatively phase-pure PC61BM phase.16b In the 
strongly phase-separated pBTTT:Me12:PC61BM blend, free 45 

carrier formation seems to be limited by the ability of the pBTTT 
excitons to reach the interface with PC61BM, resulting in a 
reduced OPV device performance, despite the presence of some 
neat PC61BM domains capable of transporting electrons. 
Reassuringly, the spectroscopic data are consistent with the 50 

microstructures predicted by structural techniques and 
schematically drawn in Figure 2c. For instance, the three-phase 
morphology achieved with the Me7 additive will enhance charge 
formation due to a large donor-acceptor interface within the co-
crystal (the intermixed phase), while also providing a network of 55 

neat PC61BM to maximize the long-lived carrier density and 
facilitate carrier extraction in a device.  

In summary, we, for the first time, provide donor:acceptor 
blends that are structurally well-defined whereby we can 
manipulate the intermixed phases present and, thus, the phase 60 

morphology of such systems. Hence, our work is contributing to 
the on-going discussion stimulated by, for instance, Treat et al. 
and Collins et al.2b,c and will assist in establishing guidelines to 
fabricate high-performance reproducible devices by selecting the 
individual components for their both electronic properties as well 65 

their structural compatibility. Despite these observations that the 
microstructure can be easily controlled by use of suitable 
additives a number of questions remain: (i) How much of this 
intermixed phase is actually present for the ternary system with 
Me7? (ii) What are the dimensions of the formed domains? (iii) 70 

How does the phase morphology affect the energy levels of the 
individual phases? (iv) How does the microstructure affect the 
photocarrier dynamics and carrier transport; and (v) which is the 
mechanism behind these additives? These are questions that we 
are intending to address in future.  75 

Experimental section 

pBTTT was synthesized as reported previously (Mw ≈ 66 
kg/mol, Mn ≈ 34 kg/mol) and measured by GPC against 
polystyrene standards.24 PC61BM was purchased from Solenne 
and used as received. Heptanoic acid methyl ester (Me7) and 80 

dodecanoic acid methyl ester (Me12) additives were purchased 
from Fluka and Aldrich, respectively. Solutions were prepared 
weighing a 1:1 (by mass) mixture of pBTTT and PC61BM, and 
then adding 10 mol of the respective additive per monomer unit 
of the polymer (11 µL of Me7 and 16.4 µL of Me12). The total 85 

concentration of the pBTTT:PCBM mixture was 20 mg/mL in 
1,2-ortho-dichlorobenzene (1,2-oDCB, Aldrich) and all solutions 
were left stirring for more than 4 hours at 100 °C to fully dissolve 
the active material. Grazing-Angle Incidence Wide-Angle X-ray 
Scattering (GIWAXS) measurements were carried out at D-line at 90 

the Cornell High Energy Synchrotron Source (CHESS) at Cornell 
University. A 0.5 × 0.1 mm beam size with a wavelength of 1.15 
Å and wide band pass (1.47%) was generated from double-
bounce multilayer monochromator. The incidence angle was 
0.15° with respect to the substrate plane, as established by 95 

performing X-ray reflectivity using an ion chamber. A 50 × 50 
mm charged coupling device (CCD) area detector (Medoptics) 
with pixel size of 46.9 µm was placed at a distance of 103.6 mm 
from the sample stage. A 1.5 mm-wide tantalum rod was used to 
block the intense scattering at low angles of incidence. Films 100 

were deposited on glass by wire-bar coating from hot solution 
(~85-90 °C) at RT or 35 °C. Variable temperature WAXS 
measurement was performed at BM26B-DUBBLE Dutch-
Belgian beamline of the European Synchrotron Radiation Facility 
(ESRF) equipped with a Linkam THMS600 temperature-105 

controlled stage. Film was prepared by drop-casting a hot 1,2-
oDCB solution onto substrate kept at RT. The obtained film was 
powdered and then placed between Kapton sheets properly 
pressed. Scanning Transmission X-ray Microscopy (STXM) and 
Resonant Soft X-ray scattering (R-SoXS) were conducted at 110 

Beamline 5.3.2.225 and 11.01.219b, of the Advanced Light Source 
at Lawrence Berkeley National Laboratory, respectively. For 
these measurements, films were deposited onto polystyrene 
sulfonate (PSS)-coated glass substrates by wire-bar coating hot 
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solutions (~85-90 °C) at RT or 35 °C and then floated onto TEM 
grids. Photoluminescence decays were recorded, for films 
prepared by drop-casting hot 1,2-oDCB solutions onto substrates 
kept at either RT or 35 °C, after excitation at 550 nm with a 10 
MHz train of pulses (Pulse-width: ∼6 ps fwhm; Instrument 5 

Response Function: ~160 ps fwhm) from a high-power fiber laser 
(Fianium WhiteLase Supercontinuum SC400-2), for emission at 
725 nm, with a cooled photon counting photomultiplier tube 
(Hamamatsu H6279), using the time-correlated single-photon 
counting technique.26 The PL decays were analyzed using an 10 

established non-linear least squares iterative reconvolution 
procedure,27 where the finite width of the instrument response 
function was effectively deconvoluted from the measured data to 
give an overall temporal response of ~20 ps. Data were fit to a 
sum of two or three exponentials and the quality of fit judged 15 

using stringent statistical procedures. 26 Photoluminiscence 

quenching was measured using steady state spectrofluorimeter 
(Horiba Jobin Yvon, Spex FLuoromax 1), all films were 
deposited on glass by wire-bar coating from hot solution (~85-90 
°C) at RT or 35 °C and excited at their absorption maxima. 20 

Transient absorption (TA) decays were measured by exciting the 
sample film, under a nitrogen (and oxygen) atmosphere, pumped 
with a Nd:YAG laser (Lambda Photometrics). The excitation 
wavelength used was 560 nm, with a pump intensity of 0.4 - 50 
µJcm-2 and a repetition frequency of 20 Hz. A photodiode 25 

(Thorlabs ITC502) was used as the probe. The probe light 
passing through the sample film was detected with a silicon 
photodiode (Hamamatsu Photonics, S1722-01). The signal from 
the photodiode was pre-amplified and sent to the main 
amplification system (Costronics Electronics). The amplified 30 

signal was collected with a digital oscilloscope (Tektronics, 
TDS220), which was synchronised with a trigger signal of the 
pump laser pulse from a photodiode (Thorlabs Inc., DET210). To 
reduce stray light, scattered light and sample emission, 
appropriate optical cut-off filters were placed before and after the 35 

sample. Films were deposited on glass by wire-bar coating from 
hot solution (~85-90 °C) at RT or 35 °C. Time-Resolved 
Microwave Photoconductivity. Films were prepared by drop-
casting hot 1,2-oDCB solutions onto substrates kept at either RT 
or 35 °C. Photocarrier dynamics were studied using time-resolved 40 

microwave photoconductivity (TRMC), a contactless, pump-
probe technique where both the initial generation of mobile 
carriers and their eventual decay back to equilibrium are 
monitored through the time-resolved changes in absorbed 
microwave power by the sample.20a,28 TRMC measurements were 45 

performed at NREL using a system that has been described fully 
elsewhere.28b,29 The sample was placed in an X-band microwave 
cavity terminated with a grating reflective to microwaves but 
transparent to the optical excitation that was used to generate 
carriers within the film. All drop cast films were excited with 5 ns 50 

laser pulses at 550 nm from an optical parametric oscillator 
(Continuum Panther) pumped by a Q-switched Nd:YAG laser 
(Continuum Powerlite). The transient change in 
photoconductance, ∆G(t), was measured via changes in the 
microwave power, ∆P(t), due to absorption of microwaves by the 55 

generated carriers, and is given by: 

 ∆G t( ) = −
1

K

∆P t( )
P

  (1) 

where K is a calibration factor experimentally determined from 
the resonance characteristics of the microwave cavity and the 
dielectric properties of the sample.28b,29-30 The peak 60 

photoconductance, ∆GEOP, probed by TRMC includes the density 
of free carriers multiplied by their mobility: 

 ∆GEOP = βqeI0FAφΣµ  (2) 

where β relates to the dimension of the waveguide cross-section, 
qe is the elementary electronic charge, I0 is the incident photon 65 

fluence, FA is the fraction of absorbed photons, φ is the yield for 
free carrier generation, and Σµ is the sum of free carrier 
mobilities. It should be noted here that the mobility probed by 
TRMC is the local mobility of free carriers (electrons and holes) 
probed by their absorption of the 9 GHz microwave beam. This 70 

high-frequency mobility is not necessarily directly related to the 
mobility determined in bulk (device-type) measurements, where 
the carrier has to traverse the entire device and the extracted bulk 
mobilities are typically limited by features such as grain 
boundaries. 75 

The sub-linear dependence of the peak photoconductance, ∆GEOP, 
can be extrapolated to the linear response limit using: 

 
∆GEOP

βqe
=

AI0FA

1+ BI0FA
 (3) 

where A and B are fitting parameters.  Comparison of equations 2 
and 3 allows us to obtain the low-intensity, linear response limit 80 

as A = [φΣµ]. Solar cell devices were made by first spin-coating a 
layer of PEDOT:PSS (50 nm, clevios AI4083) onto the ITO 
coated glass substrate and annealing in air at 150 °C. The active 
layer was then deposited by wire-bar coating hot solutions (~85-
90 °C) at RT or 35 °C. The samples were then transferred to a 85 

glovebox where cathode made of calcium (20 nm thick) and 
aluminium (100 nm thick) were deposited by evaporation under a 
vacuum of less than 10-6 mbar using a shadow mask to define 
pixels of 0.15 cm2 and 1 cm2. Electron Spectroscopic Imaging 

(ESI) measurements were performed with a Libra 200 Cs MC 90 

from Carl Zeiss Microscopy GmbH and a Camera TemCam-F416 
with Software EM-MENU (TVIPS GmbH). Films were deposited 
onto polystyrene sulfonate (PSS)-coated glass substrates by wire-
bar coating hot solutions (~85-90 °C) at RT or 35 °C and then 
floated onto TEM grids; images were obtained as described 95 

previously.3 
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Fig. 1 (a) From top to bottom, chemical structures of Me7, Me12, PC61BM and pBTTT where R=(CH2)15CH3. (b) Grazing-angle Incidence X-ray 
diffractograms of neat pBTTT (i), pBTTT:PC61BM, forming co-crystals (ii), pBTTT:Me12:PC61BM (iii) and pBTTT:Me7:PC61BM (iv). The dashed line 
indicates the position of the (100) diffraction associated with the lamellar packing distance of the neat polymer at q ~ 0.28 Å-1. (c) STXM images (left 
panels) and absorbance spectra (right panels) of pBTTT:PC61BM (ii), pBTTT:Me7:PC61BM (iv) and pBTTT:Me12:PC61BM (iii) The spectra of neat 5 

pBTTT (i, grey line) and PC61BM (black line) are included for direct comparison. The absorbance spectra were employed to estimate the composition of 
each film at the position marked with a white line in the STXM images. We calculate a PC61BM content of approximately 42 wt.% and 43 wt.% for ii and 
iv, respectively, indicating the likely presence of an intermixed phase (co-crystal) in such films, while only about 19 wt.% of PC61BM was detected in iii, 
lowering the availability of PC61BM for co-crystal formation.  

 10 
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Fig. 2 Photophysical response of films of pBTTT:PC61BM (ii), 
pBTTT:Me12:PC61BM (iii), pBTTT:Me7:PC61BM (iv) and as reference, 
pBTTT (i) and pBTTT:Me12 (v) structures. (a) Photoluminescence decays: 5 

faster decays are observed for samples containing a noticeable amount of co-
crystal such as ii and iv; (b) Steady-state photoluminescence (PL) quenching 
measured for the various systems. The longer alkyl methyl ester (Me12) 
results in less quenching compared to ternaries comprising Me7. (c) 
Schematic illustrations of the phase morphologies we deduce from the 10 

structural data presented in Figure 1 and results in (a) and (b): 
pBTTT:PC61BM (ii) forms a 1-phase morphology; in pBTTT:Me12:PC61BM 
ternaries (iii), introduction of the additive noticeably expels the fullerene from 
the polymer leading to a considerable fraction of phase-pure pBTTT and 
PC61BM regions; while for pBTTT:Me7:PC61BM (iv) still a considerable 15 

amount of co-crystal is present beside neat polymer and fullerene minority 
phases. A schematic for the neat polymer (i) is also shown. 
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Fig. 3. (a) Transient absorption decay for pBTTT:PC61BM (ii), 
pBTTT:Me12:PC61BM (iii), pBTTT:Me7:PC61BM (iv) showing the 
photoinduced absorption of long lived pBTTT polarons following pulsed 
laser excitation. Highest yield was obtained for ternary comprising the 5 

Me7 additive (iv) forming a three-phase morphology dominated by the 
intermixed co-crystal phase. (b) Photoconductance transients, measured 
by Time-Resolved Microwave Conductivity (TRMC), which follow the 
same trend in their dynamics and the development of the peak signals as 
the TAS data: maximum photoconductance is obtained for the ternary 10 

system containing Me7 (iv). Data for pBTTT:Me12 (v) binary is also 
shown. 
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Fig. 4. (a) Current density-voltage (J-V) curves for organic 
photovoltaic (OPV) devices fabricated using active layers 
comprised of pBTTT:PC61BM (ii), pBTTT:Me12:PC61BM (iii) 
and pBTTT:Me7:PC61BM (iv). For the 1:1 binary 
(pBTTT:PC61BM) a comparable device performance as reported 30 

by Cates et al. was measured.14 The best device performance was 
obtained for pBTTT:Me7:PC61BM (iv), which is comprised of a 3 
phases. When annealing this specific ternary (denoted here as 
anniv) at 150 °C, which drives fullerene intercalation and, hence, 
formation of a 1-phase system (see Supplementary Information 35 

Figure S4), a J-V curve similar to the pBTTT:PC61BM binary is 
obtained (red line). (b) Electron Spectroscopic Images (ESI) of 
pBTTT:Me7:PC61BM films before and after annealing at 150 °C 
(iv and anniv, respectively), illustrating that some phase separation 
is observed in as-cast structures (left and middle images), while 40 

essentially no phase contrast is obtained in annealed samples 
(right image), indicative of a finely intermixed phase.  
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Table 1. The photophysical and carrier transport properties of pBTTT:PC61BM blends with and without additives  

 pBTTT pBTTT:Me7 pBTTT:Me12 pBTTT:PC61BM pBTTT:Me7:PC61BM pBTTT:Me12:PC61BM 

φΣµ (×10–3 cm2/(Vs)) [a] 0.38 0.40 0.43 4.99 25.82 11.31 

τPL (ns) [b] 1.08 0.96 0.80 0.054 0.048 0.202 

φEQ (%) [c] -- -- -- 95.1 95.0 75.4 

m∆OD [d] -- -- -- 0.151 0.693 0.231 

φCG,TAS (%) [e] -- -- -- 20.7 95.0 36.1 

φCG,TRMC (%) [f] 2.53 2.68 2.85 33.3 -- -- 

Σµ (×10–3 cm2/(Vs)) 15.0 [g] 15.0 [g] 15.0 [g] 15.0 [g] > 27.2 [h] 15.0 – 31.3 [i] 

a] Calculated from the extrapolation of the peak photoconductance to low absorbed photon flux using Equation 3 (Experimental Section). [b] Measured 
using time-correlated single-photon counting. [c] Calculated from the exciton lifetimes for the corresponding pBTTT:Me7 and pBTTT:Me12 sample with 
and without PC61BM. [d] Amplitude of transient absorption signals measured at ~ 44 ns, probing the polymer cations in all cases. [e] Calculated from the 
amplitude of the transient absorption signals (m∆OD) of each system relative to the pBTTT:Me7:PC61BM, assuming that the charge generation yield 5 

(φCG,TAS) and exciton quenching yield (φEQ) are equivalent for pBTTT:Me7:PC61BM—this assumption means that these values represent upper limits 
estimated using TAS measurements. [f] Calculated from φΣµ assuming that [g] only mobile holes in the polymer contribute to the photoconductance with 
a high-frequency mobility of 0.015 cm2/V.s.22 [h] Calculated as a lower limit the for sum of mobilities, assuming that the exciton quenching yield (φEQ) for 
that sample represents an upper limit for the transient absorption spectroscopy charge generation yield (φCG,TAS) for the pBTTT:Me7:PC61BM sample. [i] 
Calculated using the exciton quenching yield (φEQ) and the transient spectroscopy charge generation yield (φCG,TAS) as upper and lower limits, respectively, 10 

for the actual charge generation yield measured by TRMC. 
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