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Tackling P3HT:Y-Series Miscibility Through Advanced
Processing for Tunable Aggregation

Fabian Eller, Christopher R. McNeill, and Eva M. Herzig*

Polymer and small molecule blend thin films are of strong interest for organic
electronics and particularly organic solar cells. The high miscibility in blends of
ordinary P3HT and state-of-the-art Y-series non-fullerene acceptors (NFAs) sup-
presses phase separation and aggregation challenging successful charge sep-
aration and transport. In a recent work, current-induced doping (CID) is intro-
duced, a method to precisely control the aggregation of Poly(3-hexylthiophene)
(P3HT) in solution. The highly ordered pre-aggregation in solution is used here
to control the P3HT aggregation in neat films and blends with Y12 (BTP-4F-12).
This results in a 25-fold increase in hole mobility in P3HT organic field-effect
transistor (OFET) devices and tunability of the P3HT aggregate quality in
the presence of Y12 over large ranges. At the same time, particularly the Y12
long-range ordering is heavily suppressed by increasing P3HT aggregation.
However, solvent vapor annealing (SVA) leads to an extraordinarily high Y12
ordering, changes in the crystal orientation of Y12, and a further improvement
of P3HT aggregation. A broad range of different degrees of aggregation of both
materials can therefore be obtained in the final thin films solely by changing pro-
cessing parameters without changing the composition of the material system.

1. Introduction

The introduction of Y-series non-fullerene acceptors (NFAs) like
Y6, Y7, Y12, or others in the field of organic photovoltaics (OPV)
led to a boost in power conversion efficiency (PCE) in combina-
tion with donor-acceptor copolymers like PM6.[1,2] Historically
P3HT played an important role in OPV research, due to its sim-
ple and cheap synthesis and its high stability, making it still an
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attractive material.[3–11] However, in re-
cent years it received less attention due
to inherently low OPV efficiencies with
most Y-series NFAs.[10,12,13] One reason is
the lower open circuit voltage (Voc) com-
pared to, e.g., PM6 due to the higher
HOMO of P3HT[12,14,15] and the higher
energetic disorder of the Y-series NFA
in P3HT than in, e.g., PM6,[16,17] but the
detrimental problem is the high misci-
bility between P3HT and Y-series NFAs,
which prevents the necessary phase
separation for charge separation and
transport.[10,12,18] With ZY-4Cl a Y-series
NFA was explicitly designed to reduce the
miscibility with P3HT, enabling a PCE of
≈10%.[11,18–20] Thus, chemical modifica-
tion of NFAs is one possibility to achieve
phase separation. Here we demonstrate
that applying a new technique called
current-induced doping (CID)[21] to ob-
tain high-quality P3HT aggregates in so-
lution can improve the P3HT aggrega-
tion in dried thin films with and without
a second component present and hence

causing an effective phase separation in an otherwise miscible
material system.

During a CID treatment strong, electrical currents in the form
of spark discharges between two tungsten electrodes immersed
into the P3HT solution lead to a temporary doping of P3HT,
which in turn results in aggregation. In our previous work, we
demonstrated that the CID treatment allows unprecedented con-
trol over the aggregate fraction and quality of backbone ordering
in solution.[21] The number of treatment steps and the strength of
the treatment are two parameters to control the aggregation in so-
lution, which are directly related to the CID treatment. Moreover,
the solvent as well as concentration, and especially the tempera-
ture during treatment play an important role.[21]

We want to investigate the influence of the CID treatment on
the film formation of neat P3HT and especially on blends with
Y12, a highly miscible Y-series NFA with alkyl chains identical to
ZY-4Cl. To control the aggregate fraction in the solution prior to
casting the films, we varied the number of CID steps.

In the first part of this study, we examine aggregation control
of neat P3HT films and the effect on organic field-effect transistor
(OFET) devices. In the second part, we add untreated Y12 solu-
tion to CID-treated P3HT solution to blade-coat thin films and
exploit solvent vapor annealing (SVA) to demonstrate tunable ag-
gregation within both materials. Overall this approach only relies
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on processing parameters alone while conventional approaches
to tune aggregation properties in thin films rely on the addi-
tion of extra components like high boiling point solvents,[22–24]

dopants,[25–28] or changing solvents.[29–35]

2. Results and Discussion

2.1. Increasing Backbone Planarity in neat P3HT Films using CID
Treatment

Current-induced doping (CID) allows us to produce solutions
with different aggregate fractions with highly ordered P3HT ag-
gregates. Further aggregation will take place upon drying such a
solution to obtain thin films.

In Figure 1a absorption spectra of dried neat P3HT films with
an increasing number of CID treatment steps (yellow to purple)
are displayed. A particularly strong spectral change can be seen
between the dried P3HT film without CID treatment (yellow) and
the film with 1 CID treatment step. Despite the small amount of
highly ordered aggregates with 1 CID step before coating (aggre-
gate fraction of only ≈8% in Figure 1c), we observe a strongly
increased A1/A2 ratio in the film (Figure 1d) accompanied by a
redshift of the A1 peak position (Figure 1b). These trends con-
tinue with an increasing number of CID steps finally reaching in
the saturated regime an A1/A2 ratio of 0.85 and a peak position
of 2.015 eV (redshift of 12 meV), which are both clear signs for a
strong increase of backbone planarity.[36–41]

In general, aggregation in drying thin films starts upon reach-
ing a critical concentration.[42] Examining the temporal evolution
of the aggregate fraction for different CID treatment steps, allows
us to investigate the effect of the presence of highly ordered ag-
gregates in solution. The comparison of the slope of the temporal
evolution of the aggregate fraction obtained from time-resolved
in situ UV–vis spectroscopy during drying of blade coated thin
films is therefore plotted without CID treatment and with 1 CID
treatment step in Figure 1e. If no highly ordered aggregates are
present (no CID treatment), the aggregation takes place within a
well-defined, short time. The presence of highly ordered aggre-
gates (with CID treatment) leads to a slow, systematic increase in
aggregate fraction already in the wet film prior to the fast aggre-
gation that occurs after reaching the critical concentration.

Combining the information from the temporal evolution with
the strong increase of the backbone planarity from no solution
treatment to a single CID step (Figure 1d) demonstrates that the
aggregation process during drying is altered by the presence of
the high-quality aggregates in solution, suggesting that these act
as nuclei for further highly ordered aggregation.

Comparing grazing incidence wide angle X-ray scattering (GI-
WAXS) cake cuts of a dry samples without CID treatment and a
strong treatment of 45 CID steps in Figure 1g–j shows that the
scattering intensity of the lamellar stacking peaks (100), (200),
and (300) is strongly increased in the vertical (out of plane, OOP)
direction, while the (100) peak in the horizontal (in plane, IP) di-
rection is significantly reduced. Both aspects lead to a strongly
increasing ratio between the (100) OOP to IP amplitudes from
60 to 420 (increase by a factor of 7), demonstrating an increasing
edge-on character (Figure S1, Supporting Information). More-
over, mixed index peaks like the (11l) and (012) (peaks shown
in Figure 1h,j) at ≈1.24 and 1.87 Å−1 respectively) become more

prominent, which is a clear sign that aggregates are highly or-
dered in all three crystallographic directions.

Highly ordered aggregates with a highly planarized backbone
and a strong edge-on character are ideal conditions for improving
in-plane charge transport as required in OFET device geometries.
Hole mobilities in the saturation regime of OFETs show this ex-
pected strong increase (Figure 1f, Figure S3,S4, Supporting In-
formation). As in the UV–vis data, we also see here a particularly
strong impact of the first CID step leading to an immediate, ten-
fold increase of the mobility demonstrating the importance of the
function of the highly ordered aggregates as nuclei for aggrega-
tion. Equally in accordance with the UV–vis data, a saturation in
mobility sets in with a final mobility increase of a factor of 25
compared to no treatment. Applying thermal annealing does not
alter the mobilities and repeated measurements after storage in
the glovebox for five weeks do not show any significant changes
in the mobilities (see Figure S2, Supporting Information).

Hence, we have demonstrated that applying CID treatment to
P3HT solutions allows us to obtain highly ordered aggregates
in edge-on configuration in blade-coated P3HT thin films with
highly improved charge transport properties solely by changing
processing conditions without changing solvents, composition,
or usage of additives.

2.2. Deliberate Enhancement and Suppression of Aggregation
Behavior in Blend Films

For energy materials not only neat films are of interest but also
nanostructural control in blended systems. In OPV the domain
sizes of the blended material and the nanostructure of the com-
ponents within these domains are decisive for charge separation
and transport. In the following, we show that using CID on P3HT
solutions we particularly tune the aggregate properties of P3HT
in the resulting blend thin film, while using solvent vapor anneal-
ing after coating we dominantly enhance the aggregation behav-
ior of the small molecule acceptor.

2.2.1. Enhancing P3HT Aggregation in as Cast Blend Thin Films
Using CID Treatment

First, we examine the highly miscible blend of P3HT and the
NFA Y12. Without any CID treatment, the UV–vis spectrum of
the dried thin film is dominated by a very broad absorption peak
≈2.4 eV (red data in Figure 2a). In this peak, no vibronic shoul-
ders are discernible, which is in contrast to the separated vibronic
shoulders observed for neat P3HT (Figure 1a) or also in blends
with many other acceptors (e.g., EH-IDTBR in Figure S5, Sup-
porting Information). The addition of Y12 to P3HT therefore
results in an increased energetic disorder, broadening the sin-
gle peaks in the vibronic structure to an extent that these are
no longer discernible. The behavior of the Y12 in the identical
drying process in the low energy range of the in situ spectra in
Figure 2a shows a clearly blueshifted absorption maximum in
comparison to PM6:Y12 blends, and an even stronger blueshift
for neat Y12 (see Figure S6, Supporting Information). This in-
dicates an increased disorder not only for P3HT but also of the
Y12 in the P3HT:Y12 blend, confirming the miscibility of the two
materials.
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Figure 1. a) Normalized UV–vis absorption spectra of dry P3HT with an increasing number of CID steps (from yellow (untreated) to purple (45 CID
steps)). b)-d) Results of fitting the vibronic structure in the dry film spectra (red) from a) and the respective solution spectra (blue) before drying: b)
A1 peaks position, c) minimum aggregate fraction, and d) ratio between peak amplitudes of the A1 to A2 peak. e) Normalized slope of the temporal
evolution of the aggregate fraction during drying without CID treatment and with 1 CID step. f) Hole mobility in the saturation regime of bottom-contact
bottom-gate field effect transistors. g)-j) Vertical (OOP) and horizontal (IP) cake cuts (blue) with fits (red) and 1𝜎 confidence intervals (grey) of P3HT
g), h) without CID treatment and i), j) with 45 CID steps.

Adv. Energy Mater. 2024, 14, 2304455 2304455 (3 of 9) © 2024 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

 16146840, 2024, 29, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aenm

.202304455 by U
niversitaet B

ayreuth, W
iley O

nline L
ibrary on [06/10/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advenergymat.de


www.advancedsciencenews.com www.advenergymat.de

Figure 2. In situ UV–vis absorption spectra during the drying of 16.5 mg mL-1 P3HT:Y12 solutions: a) without CID treatment and b) with 50 CID steps.
c), d) 2D GIWAXS data of P3HT:Y12 films: c) without CID treatment and d) with 50 CID steps. e–h) 𝜋–𝜋 amplitudes relative to the disordered ring at
≈1.4 Å-1 and 𝜋–𝜋 peak widths from fitting vertical and horizontal cake cuts.

For increasing numbers of CID steps Figure 3d shows a
stronger suppression of the overall Y12 oscillator strength. This
can be explained by a reduction of the in-plane orientation of the
Y12 transition dipole moments since we are probing with light of
normal incidence which couples to the in-plane components of
the transition dipole moments. The loss of in-plane orientation

of Y12 is linked to the loss of face-on orientation as shown in GI-
WAXS measurements in Figure 2c,d, and discussed below. At the
same time, the CID treatment induces a very clear P3HT vibronic
structure within the final film (Figure 2b). The vibronic struc-
ture is already present in the solution before drying (blue curve
in Figure 2b and Eller et. al.[21]), but due to the superposition of a

Figure 3. In situ UV–vis absorption spectra of P3HT:Y12 films: a) without CID treatment, b) with 6 CID steps, c) with 25 CID steps during SVA in a
saturated toluene atmosphere (yellow before SVA, black after SVA). d–f) Comparison of absorption spectra with different numbers of CID steps: d)
before SVA and e), f) after SVA. The spectra in a)-e) are normalized to the Y12 peak absorbance at the end of the SVA, while in f) the spectra are
normalized to the P3HT A1 peak after SVA.
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Y12 peak at ≈2.1 eV, no separation of the A1 and A2 vibronic peak
is discernible. During drying further highly ordered aggregation
of P3HT occurs, probably due to nucleation at the highly ordered
aggregates from the CID treatment in solution (see temporal
evolution of the P3HT absorbance change in Figure S7, Support-
ing Information).

For the discussion of the nanostructure in the examined
thin films we differentiate between short- and long-range order.
With UV–vis spectroscopy we probe interactions between chro-
mophores and therefore access information on short-range inter-
actions. Using GIWAXS we exploit interference effects of X-rays
reradiated by the electrons of the molecular units in a particu-
lar arrangement. In analogy to a diffraction grating, we obtain
information on the degree of structural order beyond neighbor-
ing molecular elements, hence on the long-range ordering within
the film. The weak short-range ordering of P3HT in P3HT:Y12
blends without CID treatment implies no significant long-range
ordering of P3HT. This conclusion is confirmed by the GIWAXS
measurement in Figure 2c, which lacks clear scattering signals of
long-range ordered P3HT. The relatively strong 𝜋–𝜋 peak in the
vertical (marked by orange wedge) and the scattering signal ≈0.35
Å−1 is typical for Y12 in polymer-Y12 blends (for reference Figure
S8 (Supporting Information) GIWAXS measurements of neat
Y12 and PM6:Y12). However, the peak widths of both these sig-
nals are larger than in a comparable PM6:Y12 blend (see Figure
S8, Supporting Information) and no onset of the nanostructure
scattering of the (110) and (011) Y12 peaks (corresponding crys-
tal structure see 2.2.2) is detected, implying that the long-range
ordering of Y12 is also reduced.

A strong ordering of P3HT, however, can now be induced in
the dry blend film by CID treatment. GIWAXS data of samples
with strong CID treatment (Figure 2d; Figure S9, Supporting In-
formation) show that the P3HT signal dominates the scattering
pattern. The P3HT lamellar peaks (100), (200), and (300) in the
vertical and the 𝜋–𝜋 stacking in the horizontal (marked by pur-
ple wedge) are observed, while no discernible scattering of the
Y12 nanostructure and its 𝜋–𝜋 peak is detected anymore. It ap-
pears that the P3HT solution pre-aggregation due to the CID
treatment, followed by P3HT aggregation during drying, enables
P3HT long-range ordering, but hinders at the same time the for-
mation of Y12 long-range ordering (even more than without CID
treatment). To track the rise of the P3HT and the decay of the
Y12 long-range ordering, the 𝜋–𝜋 peak amplitudes (relative to
the disordered ring at ≈1.4 Å−1) and the peak widths of the 𝜋–𝜋
peaks in the vertical (OOP) and horizontal (IP) respectively are
displayed in Figure 2e–h. Supported by the orientation of the
neat materials, we attribute the OOP 𝜋–𝜋 peak to dominantly
Y12 and the IP 𝜋–𝜋 peak to dominantly P3HT (see Figure S8,
Supporting Information). The relative 𝜋–𝜋 amplitude of Y12 de-
cays by a factor of ≈10 until it saturates at a low level, which
may also partially stem from face-on oriented P3HT. The peak
width slowly increases at low numbers of CID steps until a more
drastic increase of the peak width indicates a highly disordered
𝜋–𝜋 structure of the Y12. The P3HT 𝜋–𝜋 stacking amplitude in-
creases rapidly at low CID treatment steps and then increases
more slowly, while the P3HT 𝜋–𝜋 peak width drops rapidly
to a nearly constant level indicating a strongly increased long-
range order of P3HT with CID treatment in the 𝜋–𝜋 stacking
direction.

Furthermore, RSoXS (Resonant Soft X-ray Scattering) mea-
surements in Figure S10 (Supporting Information) show an over-
all increase in scattering intensities with an increasing number
of CID steps. This is consistent with an increase in domain pu-
rity. However, a more detailed interpretation is challenging since
film thickness and roughness need also to be considered.

Overall, we have shown that drying CID-treated solutions al-
lows us to systematically tune the P3HT aggregation in thin films
as a function of the number of CID steps while suppressing Y12
structure formation.

2.2.2. Enhancing Small Molecule Acceptor Aggregation Using
Solvent Vapor Annealing on Dry Blend Thin Films

For structural control of nanomorphology in a blended system,
both components need to be accessible for tuning. We have
shown that the CID treatment can control the aggregation be-
havior of P3HT. We therefore aim to address the small molecule
acceptor using post-treatments. We tested the two most common
post-processing techniques thermal annealing (TA) and solvent
vapor annealing (SVA). Since the Y12 structure formation with
CID treatment is heavily suppressed during drying, we need to
ensure successful nucleation of Y12 in subsequent processing.
Therefore, we choose a two-step TA approach, where a first short
(5 min) annealing step at 90 °C (close to the transition tem-
perature of Y12) should increase Y12 nucleation and a second
longer (10 min) annealing step at 120 °C should enhance larger-
scale aggregation.[43] Even though the Y12 absorption peak is red-
shifted to 1.508 eV (for comparison PM6:Y12 with the same treat-
ment 1.512 eV), GIWAXS does not reveal a significant increase
in long-range ordering (see Figure S11, Supporting Information).
Mainly the P3HT contributions in the GIWAXS measurement
shows a longer range of ordering by significantly decreased peak
widths and increased peak amplitudes after TA.

We conducted SVA in a saturated toluene environment and
tracked the UV–vis absorption during the SVA in situ, as it
is displayed for different numbers of CID treatment steps in
Figure 3a–c. We stopped the SVA treatment after 5 min for each
sample when no more changes were detectable in the UV–vis
spectra. The CID treatment and SVA strongly influence the Y12
aggregation behavior.

After SVA the reduced Y12 absorption observed after drying
recovers and the absorption peaks are clearly separated. We as-
sociate these two peaks with the two aggregate species (aggre-
gate I at lower and aggregate II at higher energy) identified in
similar material systems (Y6 and N4 as NFAs differing only in
alkyl sidechains) by Kroh et al.[44] We observe an increased or-
der of Y12 after SVA obtained from the observed redshift of ag-
gregate I and the reduction in peak width (see evolution during
SVA in Figure 3a–c; values before and after SVA in Table S1,
Supporting Information). Furthermore, we observe that there is
no strong dependency on the number of CID treatment steps
(Figure 3e, merely a slight increase of peak width in Table S1,
Supporting Information), although the nanomorphology of the
individual films prior to SVA is different. Thus, the Y12 ab-
sorption after SVA suggests, that Y12 strongly gains in ordering
and in-plane orientation of the transition dipole moments upon
SVA.
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Figure 4. 2D GIWAXS data of P3HT:Y12: a) without CID treatment, b) with 3, c) 6, d) 12, and e) 25 CID steps all post-treated with SVA in a saturated
toluene atmosphere. The lattice parameters of the Y12 unit cell 1 (peaks indexed in red) are a1 = 36.5 Å, b1 = 16 Å, c1 = 29 Å, 𝛼1 = 90°, 𝛽1 = 90°, 𝛾1
= 123°, and the lattice parameters of the Y12 unit cell 2 (peaks indexed in orange) are a2 = 29 Å, b2 = 16 Å, c2 = 29 Å, 𝛼2 = 90°, 𝛽2 = 90°, 𝛾2 = 120°.
f) Sketch of side view of the two unit cells used for indexing showing the rotation around the c-axis. For up to 6 CID steps this is ≈4.5° for unit cell 1 and
≈6.5° for unit cell 2 (top row). From 12 CID steps onward the rotation around the c-axis is ≈−22° for unit cell 1 and ≈−14° for unit cell 2 (bottom row).

Examining the behavior of P3HT upon SVA, we see that es-
pecially without CID treatment an increase in P3HT ordering is
apparent due to the increase of well-defined vibronic peaks in the
UV–vis data (Figure 3a). The already well-defined vibronic struc-
ture due to the CID treatment in Figure 3b,c with 6 and 25 CID
steps is further enhanced by the SVA annealing evident in the
increase of the A1/A2 ratio. This control of P3HT backbone pla-
narity due to the combination of CID treatment and SVA is par-
ticularly well observable when comparing the spectra after SVA
normalized to the A1 peak in Figure 3f.

Examining the long-range order of Y12 after SVA using GI-
WAXS (Figure 4, larger representation in Figures S12 and S13,
Supporting Information) clearly demonstrates an increase for all
starting conditions in line with the increase in short-range Y12
ordering as observed by UV–vis. All GIWAXS measurements
show a rich Y12 nanostructure with low peak width in the radial
direction (see Figure S14, Supporting Information, at a higher
sample-to-detector distance with smaller footprint broadening).
These observations allow the conclusion that the Y12, which was
previously in a highly disordered intermixed phase, now forms
domains with high purity consisting of highly ordered 3D nanos-
tructures. While the peaks along qxy without qz-component ((001),
(002), and (003)) are unchanged upon CID treatment, an in-
creased number of CID steps leads to an azimuthal rotation of the
remaining peaks without changes in the magnitude of q. To index
all dominant peaks, two unit cells are required. Two unit cells also
properly explain the observed (110) double peak at higher num-
bers of CID treatment steps (more details in Figure S15, Sup-
porting Information). Optimizing the lattice parameters of both
unit cells allows us to index all dominant Y12 peaks (Figure 4).

It is possible to model the 2D GIWAXS data with any number of
CID treatment steps with the identical two unit cells (marked red
and orange in Figure 4 respectively), just by varying the rotational
angle of the unit cells around the horizontal c-axis (thus varying
the tilt of the crystal structures with respect to the substrate). Ob-
serving an unchanged unit cell structure for all SVA-treated films
implies also no changes in the intermolecular arrangements in
accordance with the nearly identical spectra obtained from UV–
vis spectroscopy (Figure 3e). The optimized lattice parameters are
a1 = 36.5 Å, b1 = 16 Å, c1 = 29 Å, 𝛼1 = 90°, 𝛽1 = 90°, 𝛾1 = 123°

for unit cell 1 and a2 = 29 Å, b2 = 16 Å, c2 = 29 Å, 𝛼2 = 90°, 𝛽2 =
90°, 𝛾2 = 120° for unit cell 2.

Since all peaks in the measurements extend over a significant
azimuthal range the values of rotations extracted for the two unit
cells marked with the dots in the 2D images represent the domi-
nant orientation but occur over a broader range of unit cell rota-
tions. Initially, for no and up to 6 CID steps, the rotation around
the c-axis is ≈4.5° for unit cell 1 and ≈6.5° for unit cell 2. From
12 CID steps onward the rotation around the c-axis is ≈−22°

for unit cell 1 and ≈−14° for unit cell 2 (shown in Figure 4f).
While the sample with 6 CID steps is similar to the two data sets
in Figure 4a,b, i.e., dominated by unit cells that are weakly ro-
tated, it also contains scattering intensities of the more strongly
rotated unit cells observed for the higher numbers of CID steps
(Figure 4d,e). In Tables S2 and S3 (Supporting Information) the
values for qxy, qz, and q of all indexed peaks are displayed.

P3HT also responds to the SVA treatment with long-range or-
dering probed by GIWAXS. This response is particularly strong
when there is no prior CID treatment, where significant edge-
on aggregates are present after SVA (Figure 4a) in comparison
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to no signature of aggregation of P3HT prior to SVA (Figure 2c).
For the CID treated samples, a further improvement of the pre-
existing P3HT aggregation occurs during SVA (direct compari-
son in Figure S16, Supporting Information) but keeping the in-
creasing strength of long-range order as a function of CID treat-
ment steps.

Overall, the SVA treatment dominantly addresses an improved
ordering of the Y12 on the nanoscale with no negative impact on
P3HT aggregation. We therefore have demonstrated that inde-
pendent of the pre-condition of the P3HT matrix the Y12 can be
strongly aggregated resulting in high-quality aggregates by appli-
cation of SVA.

3. Conclusion

We have successfully demonstrated the opportunity of CID treat-
ments on P3HT solutions for nanostructural control in thin
films. We observe that the high tunability within the solution
transfers to the neat thin films of P3HT leading to a 25-fold in-
crease in OFET hole mobility. It is especially remarkable that al-
ready the first CID treatment step is sufficient to achieve a ten-
fold increase demonstrating the great importance of the highly
ordered aggregates produced by the CID treatment as nuclei for
further aggregation.

Furthermore, we can use the CID treatment in combination
with SVA to demonstrate unprecedented control over the aggre-
gation behavior in the P3HT:Y12 blend. Using these process-
ing approaches we can produce from the same solvent, without
changing the composition or using additives, final films that are
either highly disordered, show only order in the Y12 or P3HT
alone, and also on the contrary highly ordered Y12 with differ-
ent orientations of Y12 and different degree of order in P3HT.
Moreover, our in situ UV–vis measurements during SVA sug-
gest, that an intermediate range of Y12 ordering may be acces-
sible by reducing the SVA time. This specific, almost separate
control over the P3HT and Y12 ordering can be highly valuable
for fundamental research. While transferring the mechanism of
inducing aggregation via CID treatment to other polymeric ma-
terials is challenging, the choice of the NFA or additional compo-
nents can be widely varied, since these materials are added after
the CID treatment. Therefore, potential fundamental studies can
include but are not limited to studies on charge transport, elec-
tron and hole mobility, energy levels, solar cell properties, stabil-
ity, and trap densities all as a function of, e.g., the degree of ag-
gregation or depending on crystal orientation. We are therefore
convinced that CID-treated thin films will be helpful for further
understanding and optimizing energy materials.

4. Experimental Section
Materials: P3HT with a regioregularity of 96% was purchased from

Rieke Metals, Y12, PM6, and EH-IDTBR from Brilliant Matters, PE-
DOT:PSS (poly(3,4-ethylenedioxythiophene) polystyrene sulfonate) from
Heraeus, chloroform from Sigma–Aldrich and toluene from VWR Chemi-
cals. All materials were used as received.

CID Treatment: Since this work is interested to exploit highly ordered
aggregates, chloroform as solvent was chosen at a temperature of 20 °C
with a voltage of 300 V for charging the capacitor, which yielded the highest
aggregate quality in this extensive previous study.[21] The untreated P3HT

solutions were prepared by dissolving P3HT in chloroform at 50 °C for
20 min. Prior to the CID treatment, the solutions were kept for 15 min at
20 °C to allow for proper equilibration. This temperature was also kept con-
stant throughout the complete CID treatment. A capacitor (WIMA MKS 4,
3.3 μF) was charged to 300 V and subsequently connected to two tung-
sten wires separated by several millimeters and immersed into the P3HT
solution. These two tungsten wires were then approached until a spark
discharge occurred below a separation of 1 mm. This procedure of charg-
ing the capacitor, connecting, and approaching the tungsten wires was re-
peated until the desired number of CID treatment steps was achieved.[21]

Sample Preparation: The glass and silicon substrates were cut to the
desired size and then thoroughly cleaned by sonication in Alconox, VE-
water, and isopropanol for 10 min each. To ensure a comparable surface
all samples were spin–coated with sonicated PEDOT:PSS at 3000 rpm. The
neat P3HT samples were coated from 12 mg mL−1 P3HT solutions treated
with the given number of CID steps. For the P3HT:Y12 blends also 12 mg
mL−1 P3HT solutions treated with the given number of CID steps were
used and subsequently blended with 24 mg mL−1 Y12 solutions (without
CID treatment) with a volume ratio of 5:3. Thus, the resulting mixing ratio
of Y12 to P3HT was 1.2:1 and the concentration 16.5 mg mL−1. All samples
were coated with a home-built blade-coating setup at a coating speed of
10 mm s−1. During every drying process on glass substrates the UV–vis
absorption was tracked in situ.[45]

UV–Vis Absorption Spectroscopy: A combined deuterium and halogen
white light source from Ocean Optics and an AvaSpec-HSC1024 × 58
TEC-EVO spectrometer from Avantes were used to acquire the in situ
UV–vis spectra of the neat P3HT samples during drying. For the in situ
drying measurements of the blend samples and the in situ SVA mea-
surements, an AvaLight-HAL-S-Mini2 halogen white light source and an
AvaSpec-ULS2048CL-EVO-RS-UA spectrometer (both from Avantes) were
used. Amorphous P3HT spectra measured at the same concentration and
temperature were scaled to the high-energy shoulder of the neat P3HT ab-
sorption spectra at ≥2.6 eV.[46,47] This rescaled amorphous spectrum was
subsequently subtracted from the neat P3HT absorption spectrum, which
was then fitted by the sum of five equidistant (distance of 0.17 eV between
peaks) Gaussian peaks for the A1 to A5 peaks.[46,47] While an identical peak
width was fitted for the A2 to A5 peaks, a smaller peak width was fitted for
the A1 peak.[48,49] The minimum aggregate fraction was calculated using
the area below the fits and below the rescaled amorphous spectrum con-
sidering the different molar extinction coefficients of the amorphous and
aggregated P3HT described by Clark et al.[46] This procedure yields an es-
timate for the minimum aggregate fraction as higher optical transitions of
the aggregate could contribute to the high energy shoulder leading to an
overestimation of the amorphous absorption.

The in situ absorption data showing the transition from liquid to solid
film or the effect of SVA was chosen to display well the occurring changes
and were not necessarily equidistant in time. To determine the slope
of the aggregate fraction the difference of data points 30 ms apart is
considered.

GIWAXS: Grazing incidence wide-angle X-ray scattering (GIWAXS)
was performed on a laboratory system at the University of Bayreuth (Xeuss
3.0, Xenocs SAS, Grenoble, France) with a Cu K𝛼 source (𝜆 = 1.54 Å),
a Dectris EIGER 2R 1 m detector, and a sample-to-detector distance of
72 mm (and 200 mm for the measurements in Figures S14 and S15, Sup-
porting Information) and a beam size of 500 μm. The presented 2D data
were wedge-corrected scattering images with solid angle correction. Scat-
tering experiments were carried out at room temperature under vacuum
on samples on PEDOT:PSS coated silicon substrates with a length of 5 mm
in beam direction. The incident angle was set to 0.18° (above the critical
angle of ≈0.16°), which probes the full depth of the films. The presented
q-profiles were cake cuts covering an azimuthal angle of 70°–110° for the
cuts in the vertical direction and 0–20° as well as 160°–180° for the cuts
in the horizontal direction.

All fits to the cuts of the GIWAXS data were Pseudo-Voigt fits, described
by the following expression for a single peak:

f (q) = A ⋅ [𝜂 ⋅ L (q) + (1 − 𝜂) ⋅ G (q)] with 0 < 𝜂 < 1 (1)
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G (q) = exp
[
−ln (2) ⋅

( q − c
b

)2
]

, L (q) = 1

1 +
(

q−c
b

)2
(2)

where A is the peak amplitude, c is the peak position, 2b is the full width
at half maximum (the obtained values for the peak width were the values
of b) of the Pseudo-Voigt peak, and 𝜂 the Pseudo-Voigt mixing parameter.
To fit the superposition of various peaks, the sum of several Pseudo-Voigt
peaks was fitted for both directions. Moreover, an additional background
was fitted. It consists of a q−4 decay in the horizontal direction and a q−5

decay in the vertical direction with an additional q−2 decay and an offset
in both directions.

To index the data a self-written Python program was used to calculate
and superimpose the various peak positions on the original data. The pro-
gram allows the rotation around individual crystal axes. In plane isotropy
is assumed.

OFET-Device Fabrication and Characterization: Substrates for organic
field-effect transistors with a bottom-gate bottom-contact (BGBC) ge-
ometry were purchased from Fraunhofer IPMS Dresden (OFET Gen. 4).
Substrate and gate-electrode consisted of heavily n-doped silicon, while
230 nm of thermally grown silicon oxide was the gate dielectric (C =
1.5 × 10−8 F cm−2). Interdigitated electrodes were patterned from gold
(30 nm) and used as source- and drain-contacts, the used channel-widths
were 20 μm. The substrates were thoroughly cleaned by sonication in iso-
propanol and acetone for 10 min each and the P3HT was deposited in the
same way as the other films. No silanization or other surface treatment
was used. Afterward, the devices were transferred into a nitrogen-filled
glovebox and the transistor characteristics were measured using the Agi-
lent Technologies B1500A Semiconductor Device Analyzer. The mobilities
were extracted from the slope of the ID

0.5 versus VG-plots in the saturation
regime, using:

ID = W
2L

⋅ 𝜇 ⋅ C ⋅ (VG − VTh)2 (3)

where ID is the drain current, W the channel width, L the channel length, C
the capacitance per unit area μsat the charge carrier mobility, VG the gate
voltage and VTh the threshold voltage.[38]

RSoXS: Resonant Soft X-ray scattering (RSoXS) measurements were
collected at the Spectroscopy Soft and Tender (SST-1) beamline at the Na-
tional Synchrotron Light Source II.[50]

Measurements were carried out in vacuum with the incident beam nor-
mal to the substrate passing through the silicon nitride window prior to
passing through the sample. Two-dimensional scattering patterns were
recorded on a charge-coupled device (CCD) detector sensitive to soft X-
rays (greateyes GmbH) at a sample-to-detector distance of 35 mm and a
photon energy of 285.4 eV.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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