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ABSTRACT: Here, we show that the Charge Transfer 
(CT) absorption signal in bulk-heterojunction (BHJ) solar 
cell blends, measured by photothermal deflection spec-
troscopy (PDS), is directly proportional to the density of 
molecular donor/acceptor interfaces. Since the optical 
transitions from ground state to the interfacial CT state are 
weakly allowed at photon energies below the optical gap 
of both donor and acceptor, we can exploit the use of this 
sensitive linear absorption spectroscopy for such quantifi-
cation. Moreover, we determine the absolute molar ex-
tinction coefficient of the CT transition for an archetypical 
polymer-fullerene interface. The latter is ~100 times low-
er than the extinction coefficient of the donor chromo-
phore involved, allowing us to experimentally estimate 
the transition dipole moment (0.3D) and the electronic 
coupling between ground state and CT state to be on the 
order of 30 meV. 

In BHJ solar cells, charge carriers are generated, but also re-
combine via interfacial CT states. Since such CT states likely 
originate from areas where the donor and acceptor are in close 
proximity, there should be an optimal density of donor:acceptor 
interfaces that can maximize the former processes (i.e. exciton 
harvesting and free carrier generation) while minimizing the 
electron-hole recombination.1 However, a clear, structural pic-
ture of how to realize this is still missing, partly because it has 
been challenging (a) to quantify the properties of individual 

interfacial CT states, such as their energetics and electronic cou-
pling to the ground state and (b) to identify the amount of func-
tional donor:acceptor contacts that are present in a given archi-
tecture and may lead to such interfacial CT states.  
The establishment of relevant structure/property interrelation-
ships with respect to interfacial CT states will likely require that 
intermixed phases between the donor and acceptor are taken 
into account. These intermixed phases commonly result from 
the often considerable miscibility of fullerene derivatives within 
the fractions of the donor polymer that are of low molecular 
order − which is a rather universal behavior for binary poly-
mer:fullerene blends.2,3 Here, we employ poly(2,5-bis(3-alkyl-
thiophene-2-yl)thieno [3,2-b]thiophene)s (pBTTT)4 as the donor 
material and [6,6]-phenyl C61-butyric acid methyl ester 
(PC61BM) as the acceptor (see Fig.1a for the chemical struc-
tures) and use suitable additives to direct the intermixing of the 
two components and, thus, the amount of molecular interfaces 
without changing the donor:acceptor composition ratio.3e This 
enables us to establish a correlation between the phase mor-
phology and the sub-gap absorption strength that originates 
from direct CT absorption. In order to demonstrate the ability of 
PDS to determine the relative interfacial contact area in poly-
mer:fullerene mixed phases, we further apply this method to 
quantify the effect of the same additives in poly(3-
hexylthiophene) (P3HT)5 and PC61BM blends on their optoelec-
tronic properties by assessing the varying amount of the inter-
mixed amorphous phase in the different systems using pho-
tolumiscence (PL), UV-vis and PDS spectroscopy. 
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pBTTT was selected as the initial donor polymer because it is a 
conjugated polymer that is able to host certain fullerene deriva-
tives such as PC61BM in “cavities” within their molecular ar-
rangements to form a co-crystal phase,6 providing a well-defined 
model for donor polymer:fullerene intermixed regions. Indeed, 
the co-crystal represents an ordered intermixed phase that can 
be readily probed by structural techniques such as X-ray diffrac-
tion,2c,7 in contrast to the intermixed amorphous solid solutions 
formed by, for instance, the molecularly disordered fractions in 
P3HT in which fullerenes such as PC61BM are miscible. Addi-
tion of methyl esters of certain fatty acids allows the manipula-
tion  of co-crystal formation,3e leading to predominantly 2-phase 
systems composed of relatively phase-pure polymer and fuller-
ene domains when myristic acid methyl ester (Me14) or dodec-
anoic acid methyl ester (Me12) are used as additives; morphol-
ogies containing three phases (phase-pure polymer and fullerene 
regions, as well as an intermixed domains comprised of the co-
crystal phase) are obtained when heptanoic acid methyl ester 
(Me7) is employed. More recently, a structural picture of the 
resulting ternary systems (pBTTT: additive:PC61BM) has fur-
ther been substantiated with photo-physical evidence that fit our 
view of what phase morphologies can be achieved in 
pBTTT:PC61BM blends when specific fatty acid esters are add-
ed.8 These additives, i.e. Me7, Me12 and Me14, were, however, 
not intended to act as plasticicers such as processing additives 
like 1,8-diiodooctane (DIO), 1,8-octanedithiol (ODT) and 1,8-
dichlorooctane (DCO) which are frequently applied to modify 
the morphology of the active layer to realize an improvement of 
device performance.9 Note that while trace solvent is commonly 
found in coat films, no significant traces of additive were detect-
ed after two hours of film formation (further details are given in 
Ref. 3e and  Fig. S1 in SI). While we cannot exclude that a mi-
nute fraction stays in the film, all evidence collected so far (in-
cluding data presented in this work) suggests that even if trace 
amounts of additives were present, these would not negatively 
affect the behavior of the pBTTT:PC61BM blend.3e,8  Schematics 
of the different phase morphologies achieved within 
pBTTT:PC61BM:fatty acid additives are shown in Fig. 1b (see 
for more details Ref. 3e) . 

In a first set of experiments PDS spectra were measured for the 
different pBTTT:PC61BM and pBTTT:additive:PC61BM sys-
tems of known degrees of intermixed phases. Absolute absorp-
tion coefficient spectra were obtained by matching the PDS 
spectra to absolute UV-Vis absorption spectra measured in the 
strongly absorbing region (E > 1.9 eV) on samples with known 
film thickness.  pBTTT has an absorption onset at 1.9 eV, while 
PC61BM has its onset at 1.7 eV (Fig. 2a). The broad but weak 
absorption band at photon energies below 1.5 eV originates 
from direct CT absorption. Tellingly, this absorption band varies 
in intensity when different additives are used to  control the 
phase morphology of the pBTTT:PC61BM blends. As-cast bina-
ries without additives that consist solely of the co-crystal 
pBTTT:PC61BM (i) and, thus, feature the highest amount of 
molecular donor:acceptor interface that is possible to reach 
within this system,10 shows the most intense CT absorption 
band. The CT absorption band of pBTTT:Me7: PC61BM (ii), 
where still a large fraction of intimately mixed co-crystal phase 

 
 

 
 

 
 
 
 
 
 
Figure 1. (a) From left to right: Chemical structures of the additives 
(Me7, Me12, Me14 from top to bottom), pBTTT, where R = 
(CH2)15CH3 and PC61BM. (b) Schematics that illustrate the different 
phase morphologies that can be obtained with these systems. From left 
to right: one-phase morphology (i) realized when no additive is used; 
three phases can be obtained with Me7 (ii), and predominantly two-
phase systems are realized adding Me12 and Me14, respectively (iii and 
iv).3e  
 
co-exists with relatively phase-pure polymer and fullerene do-
mains, is reduced compared to the pBTTT:PC61BM binary. 
Most notably, the blends with Me12 (iii) and Me14 (iv) show a 
significant decrease in their CT absorption bands that we attrib-
ute to the strong phase separation between the polymer and the 
fullerene that is induced by the introduction of the additive in 
these blend systems. In agreement with these observations is the 
fact that the weak optical transition of PC61BM at 1.7 eV (Fig. 2; 
data for neat PC61BM is shown for comparison: see dashed 
lines) is more pronounced for the system with Me14 (iv), sup-
porting our structural picture that these systems comprise micro-
scopically large fullerene domains and aggregates. Note also 
that after annealing these ternary films at 150 °C, which will 
drive these multiphase systems towards the thermodynamically 
stable architecture composed mainly of the co-crystal phase3e 
leads to the maximum number of molecular donor:acceptor 
interfaces as in the pBTTT:PC61BM binary. Indeed, a full re-
covery of the CT absorption signal is observed (Fig. 2b/Table 
S1). From the above it is evident that there is a direct correlation 
of amount of intermixed phases and the CT absorption. This 
finding is interesting when put in context with our previous 
studies where we have demonstrated that the highest charge 
formation is found in the three-phase morphology realized with 
Me7 (ii). We had assigned this to the large donor-acceptor inter-
faces within the co-crystal phase in these ternaries promoting 
charge generation while also providing a network of relatively 
phase-pure regions of the donor and the acceptor, which assist in 
maximizing long-lived carrier density and facilitate carrier ex-
traction in the device.3e  
Having established a structural correlation with the CT absorp-
tion of donor:fullerene blends we, thus, went on and exploited 
our model systems to determine the molar extinction coefficient, 
transition dipole moment and coupling matrix element of the 
pBTTT:PC61BM charge transfer complex. For this, we first 
calculated the molar density of pBTTT:fullerene contacts in 
such architectures to be 0.84 M (see SI for details), using the 
structural details reported by McGehee and coworkers, who 
have recently determined the  unit cell of the pBTTT:PC71BM  
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Figure 2. (a) PDS data obtained on pBTTT:PC61BM samples of differ-
ent content of intermixed phases: from the highly intermixed co-crystal 
phase (i) to multi-phase systems of decreasing amount of intermixed 
phase  realized with addition of fatty acids. Data for neat PC61BM is 
shown for reference (dashed line). The graph also shows the molar 
absorption coefficient ε, as a function of wavenumber ν (or photon 
energy E) of a pBTTT:PC61BM charge transfer complex (green line); 
the molar extinction coefficient of the pBTTT:PC61BM CT complex 
peaks at ~1000 M-1cm-1, see Fig. S2 for more details. (b) PDS measured 
on the same films annealed at 150 °C driving these two or three phase-
systems to a single-phase structure comprised of the co-crystal phase.  
 
co-crystal11 that structurally is very similar to the 
pBTTT:PC61BM binary.10 Using the molar density and the ab-
sorption coefficient as well as the fact that the binaries compris-
ing no additives (blend i) exclusively consist of the co-crystal 
phase, we can obtain a molar extinction coefficient for a single 
pBTTT:fullerene CT complex in the spectral region of CT ab-
sorption (1 eV < E < 1.6 eV). The result is shown in Fig. 1a (see 
also Fig. S2 in SI for further details). The molar extinction coef-
ficient of the pBTTT:PC61BM CT complex peaks at ~1000 M-

1cm-1, which is about 100 times lower than the peak molar ex-
tinction coefficient of the pBTTT chromophore (105 M-1cm-1 at 
2 eV) involved in the complex (with an equal amount of fuller-
ene and pBTTT chromophores in a unit cell). In the next step, 
we determine important quantum mechanical parameters relat-
ed to a single pBTTT:PC61BM charge transfer complex. These 
parameters are becoming increasingly popular to determine 
properties of the donor:acceptor interface in organic solar cells. 
For example, the electronic coupling determines the rate of 
(back) electron transfer from the CT state to the ground state and 
the fraction of charge transferred in the ground state. Even 
though quantum chemical calculations of these parameters have 
been performed for model donor:C60 interfaces,12 an experi-
mental determination of the transition dipole moment M and the 
electronic coupling matrix element V on a model poly-
mer:fullerene system for OPV applications seems not to have 
been performed yet. We obtain values for V and M of, respec-
tively, 27 meV and 0.3 D (see SI for details). The coupling V of 
the CT state to the ground state is less than the coupling (or: 
transfer integral) between two pBTTT chains (~100-200 
meV).13 Hence, it is not surprising that CT states dissociate into 
free carriers when relatively phase-pure domains of either com-
ponent are in the vicinity of this interface. Note in this context 
that a transition dipole moment of 0.3 D is about one order of 
magnitude smaller compared to typical transition dipole mo-
ments of singlet transitions of organic molecules, but indeed 
visible in sensitive absorption measurements.14 

 

 

 

 

 

 

 

 

 
 
Figure 3. (Left) PL spectra of neat P3HT (a), P3HT:PC61BM (b) and 
blends of P3HT:additive:PC61BM (c, d and e). The emission of P3HT 
is enhanced when Me7 (c) and Me14 (d) are introduced to the binary, 
using 0.5 molar equivalents of the respective additive to the monomer 
unit of the P3HT. The PL intensity further increases when higher 
amounts of Me14 were used (2.5 molar equivalents instead of 0.5), (e). 
(Right) PDS data obtained on P3HT:PC61BM (b) and 
P3HT:additives:PC61BM ternaries (c, d and e); data for PC61BM is 
shown for reference (dashed line).  
 
We now turn to PDS as a means to compare the density of do-
nor:acceptor contacts in our systems. Table S1 summaries the 
PDS data showing the percentages of co-crystal phase obtained 
in the binaries and ternaries studied here. It shows that the 
amount of molecular interfaces is reduced from close to 100 % 
as present in the 1:1 pBTTT:PC61BM binary (i), with 0.84 M-1 
of donor-acceptor contact, to only ~15% in 
pBTTT:Me14:PC61BM ternaries which are composed of pre-
dominately phase-pure domains of pBTTT and PC61BM, re-
spectively (iv). These values are in very good agreement with 
estimates we produced previously based on grazing-angle inci-
dence wide-angle X-ray scattering (GIWAXS), Scanning 
Transmission X-ray microscopy (STXM) and PL decay meas-
urements,3e which had demonstrated the ability of asymmetrical 
additives to manipulate the co-crystal phase into structures 
comprised of two to three phases. The percentages obtained 
from STXM and PDS techniques should however be compared 
with caution. Both techniques cannot distinguish wether the 
fullerene is intercalated or not and, as compared to STXM, PDS 
will additionally probe polymer/PC61BM cluster interfaces.  
Since optical techniques such as PDS (or alternative sensitive 
EQE measurements when photovoltaic devices are available), 
can be used for a fast quantification of molecular donor:acceptor 
interfacial area without the need for synchrotron-irradiation-
based techniques, we moved on and tested the generality of our 
strategy by applying it to the ubiquitous P3HT:PC61BM sys-
tem.15 We varied the amount of molecular donor:acceptor inter-
faces using again methyl ester fatty acids as processing addi-
tives. Qualitatively, the effect of these additives on the intrachain 
order of P3HT could be followed analyzing the UV-Vis of the 
resulting binary and ternary systems.9b When using 1:1 (by 
weight) P3HT:PC61BM blends and adding between 0.5 and 2.5 
molar equivalents of Me7 and Me14 per monomer unit of the 
P3HT, the 0-0 absorption transition of P3HT increases  indic-
ative of an increase of P3HT aggregation (see Fig. S3 in SI);16 
i.e., a higher fraction of phase-pure P3HT domains is obtained 
where the polymer can aggregate better, leading to the observed 
higher 0-0 absorption feature. This observation indicates that the 
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polymer and fullerene may phase separate more strongly upon 
addition of these fatty acids, in agreement with the increase in 
PL intensity: a lower PL quenching is obtained for these blends 
compared to the additive-free P3HT:PC61BM binary, especially 
when high amounts of the long-chain additive Me14 were used 
(Fig. 3a). Finally, note that the most intense CT absorption band 
−visible as a broad shoulder at photon energies above 1.5 eV 
(Fig. 3b)− is again observed for the system of the highest inter-
mixing: i.e. the additive-free P3HT:PC61BM binary. In fact, 
similar to the pBTTT:PC61BM systems, we find the CT absorp-
tion to decrease when the fullerene and the P3HT strongly phase 
separate, again induced with the addition of the fatty acids: we 
observe a reduction of almost 75% of the interfacial area when 
we introduce high amounts of Me14 into the P3HT:PC61BM 
blend, as Table S1 summarizes. 
From the above it is, thus, evident that a direct correlation of the 
CT absorption band intensities and the presence of highly in-
termixed phases within polymer:fullerene blends exists. Using 
model systems, in which we manipulated the fraction of these 
intermixed regions with use of fatty acids, we demonstrated that 
PDS can be applied as a fast and reliable method to correlate the 
phase morphology of polymer:fullerene blend films with their 
optoelectronic features. This novel methodology can not only be 
used as a tool to obtain additional information on relevant BHJ 
systems, but also permit to provide experimentally determined 
parameters such as the electronic coupling between ground and 
CT states. The latter could so far only be calculated applying 
quantum chemical methods and it is indeed a crucial parameter 
in order to determine the electron transfer rates that are directly 
related to the device performance. Our work thus will allow 
future screening of other, relevant BHJ systems, including high-
performance blends comprising high-performance donor poly-
mers. It will also give insight in how to optimize these complex 
architectures with respect to the amount of intermixed phase that 
is needed to maximize charge generation without reaching a 
regime that is dominated by charge recombination.  
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