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Only rigorous understanding of the relationship between the nano-
scale morphology of organic thin films and the performance of the
devices built from them will ultimately lead to design rules that can
guide a structured development on the field of organic electronics.
Despite great effort, unraveling the nanoscale structure of the films is
still a challenge in itself. Here we demonstrate that photoemission
electron microscopy can provide valuable insights into the chain
orientation, domains size and grain boundary characteristics of P3HT
films spun cast from different solvents at room as well as at elevated
temperatures.

Minimizing the carbon footprint of mankind has emerged as
a major challenge for the 21st century." Successfully tackling
climate change demands, among other things, decarbonisation
of the energy sector.>* Here, organic semiconducting polymers
can play an integral part as components of solar cells due to
their mechanical flexibility and cheap production.>®
Numerous techniques such as scanning near-field optical
microscopy (SNOM), transmission electron microscopy (TEM),
atomic force microscopy (AFM), near edge X-ray absorption fine
structure (NEXAFS) spectroscopy, scanning transmission X-ray
microscopy (STXM) and polarized X-ray scattering (PoXS) have
been applied to unveil the morphology of these polymers.”*°
However, due to their semi-crystalline nature, it remains a great
challenge to determine their structure. Consequently, this
hinders the overall goal to correlate the morphology with the
performance of the devices fabricated from these polymers.?
Recently photoemission electron microscopy (PEEM) has
emerged as a powerful tool to investigate the P3HT thin film
morphology. It has been demonstrated that by utilizing
a polarized laser source in combination with a PEEM the
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polymer chain orientation and the local degree of order can be
revealed in a single, straightforward measurement.**

Furthermore we stress the fact that the non-destructive,
tabletop PEEM measurements presented here offer an
pathway to quickly screen different samples and to compare
their respective performance, as well as the morphology to
results gathered from other techniques. Owing to the non-
destructive nature it is even possible to convert the samples
investigated with PEEM into devices to obtain a direct correla-
tion between the results obtained by PEEM and the device
performance.

The morphology of organic films does strongly depend on
the chosen solvent prior to spin coating."*™” Therefore, being
able to quickly image the nanoscale structure with PEEM and
relate it to the respective solvent is a valuable enhancement in
the field of organic electronics.

This is the first report investigating the effects different
solvents have on the P3HT morphology with PEEM. We chose
chlorobenzene (CB), 1,2-dichlorobenzene (DCB), 1,2,4-tri-
chlorobenzene (TCB), thiophene (TP) and chloroform (CF) as
solvents. They have previously been discussed as suitable
solvents for P3HT in literature, see Table 1 for a selection of
their properties.

Several groups have previously studied the effects of different
solvents on the P3HT morphology or the respective device
performance:

Table 1 Solubilities of P3HT in and boiling points of the respective
solvents?®

Solvent P3HT solubility/mg mL ™" Boiling point/°C
Trichlorobenzene 2.7 214
Chloroform 14.1 60
Dichlorobenzene 14.7 180
Chlorobenzene 15.9 132
Thiophene 37.6 84
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Bao et al. reported that the film quality and the field effect
mobility in P3HT depend on the used solvent.*” They speculate
that the solubility and the boiling point influence the film
morphology. Especially the boiling point seems to be an
apparent candidate, as solvents with a high boiling point
evaporate more slowly. This increased evaporation period then
grants the polymer chains more time to arrange in a crystalline
structure.

Chang et al. picked up this line of argumentation:* their best
performing transistor was fabricated from a P3HT/TCB solu-
tion. The good solubility, but more importantly, the high
boiling point of 214 °C of TCB is thought to lead to enhanced
crystallization and thus to better performing devices.

By employing GIXD Yang et al. also reported that films
prepared from solution with higher boiling point solvents
usually exhibit a higher crystallinity."* However, they point out
that the film prepared from the solution with the highest
boiling point, shows the worst performance. This may indicate
that other parameters have an equally high impact on the film
quality and device performance. One parameter of particular
interest is the polymer chain orientation, a quantity that we are
able to measure with PEEM."

In 2011 Dang et al. conclude that so far no clear correlation
between the organic field-effect transistor OFET hole mobility in
P3HT films and the solvent properties has been found in the
literature.” Consequently, additional research on this matter is
advisable.

Machui et al. investigated the dependence of the P3HT
solubility in various solvents at different temperatures.*® Their
findings show that the solubility of P3HT does strongly
depended on the respective temperature — the higher the
temperature, the higher the solubility. Furthermore, they point
out that the aggregates of the semi-crystalline P3HT are harder
to dissolve than the amorphous parts. In case these aggregates
are not fully dissolved by the solvent they could act as crystal-
lization seeds during the spin coating process (vide infra).

In the following, we will show the effect that different
solvents have on the P3HT thin film surface morphology.

We employ the aforementioned solvents to prepare two sets
of samples: one spun cast from the solvent at room temperature
(RT), the other set spun cast at elevated temperatures, about five
centigrades below the boiling points. The results indicate that
for the solvents investigated here the surface morphology,
especially the domain size, does primarily depend on the
solubility of P3HT in the particular solvent. The boiling point
plays only a secondary role.

The left part of Fig. 1 displays the spatial distributions of the
combination of the polymer-chain orientation and the degree of
order in P3HT films spun cast from different solvents. A higher
transparency in the images indicates a lower degree of order.
The right side of Fig. 1 displays the images generated from films
that were spun cast from a heated solution (for details see
experimental section).

To compare the results from the different samples we
employ the orientation persistence length (OPL). The OPL has
been introduced before by Neff et al. and the reader is referred
to the publication and the ESIt for detailed insights." In short,
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Fig.1 Evaluated PEEM image series showing the combination of chain
orientation and local degree of order of P3HT films spun from different
solvents: CB, DCB, TCB, TP, CF. The left side shows the results for the
films spun at room temperature, while the right hand side shows the
results for the films spun from elevated temperatures (see Experi-
mental section in the ESI for detailst).

the OPL is an indirect measure for the domain size present in
the organic film - the smaller the domains, the smaller the OPL.

Comparing the OPLs for each solvent (see Fig. S3t), we
observe that the films spun from heated solutions exhibit larger
domain sizes and higher degrees of order across all investigated
solvents, except DCB. In the case of DCB the change in OPL were
marginal.

The overall trend was expected as Machui et al. point out that
the P3HT solubility is strongly temperature dependent.'® The
increased solubility at elevated temperature leads to a reduced
amount of aggregated P3HT in solution. These P3HT aggregates
are likely acting as seeds for the polymer crystallisation, there-
fore, the more aggregates are left in the solution the higher the
number of individual domains is expected to be. Consequently,
the average size of these domains is expected to be smaller
compared to those domains originating from a film with less
aggregates.

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Dependence of the OPL for A = 20° plotted against the
solubility of P3HT in different solvents. The values represent the mean
value gathered from multiple spots on the same sample. The errorbars
express the standard deviation (see ESIf for more sample spots). We
note that the value of A8 = 20° has been chosen arbitrarily as
a representation, however, comparing different values for Ag (not
shown) the chosen value is a valid representation.

Nevertheless, the results for DCB are unexpected. It can be
deducted, that the increased solubility does not compensate for
other effects that influence the domain size. These findings are
supported by recent results form Roesing et al.*® They report
that the self-assembly mechanisms and the solubility behavior
are not equally determined by the same intermolecular inter-
actions. However, as they do not investigate DCB in their report
directly, caution should be exercised before reaching a final
conclusion. Furthermore, we are confident that the experi-
mental findings presented here stimulate further theoretical
insights into the factors that govern the solvent effects on the
polymer film structure.

In addition, we note that the higher degree of order and the
larger domain size does not necessarily lead to a better device
performance. The reason are “bridging chains” that can
connect from one domain to a neighbouring one, thus acting as
pathways for charge carriers. See the ESIf for the properties of
the P3HT employed here.”

The same statement, of multiple effects having a decisive
impact on the morphology, can also be made when we transi-
tion films spun cast from one solvent at two different temper-
atures to films spun from different solvents at room
temperature.

As previously mentioned, multiple proposals have been
made in the literature to correlate one or more solvent proper-
ties with the resulting morphology or device performance. As
for the boiling point, in case of the heated and non-heated
solvents, the solvent with the highest boiling point (TCB) does
not yield the film with the largest domains nor the highest
degree of order (lowest amount of transparency). Furthermore,
TCB is a special case: the solubility at RT is actually below the
concentration used in this study. The incomplete dissolution of
the P3HT leads to an inhomogeneous film, with no defined
thickness (see ESIT). In addition, the partial dissolution leads to
a high number of seeds that in turn lead to smaller domains in
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the film. Again, this is in line with the proposal made by Yang
et al. that other solvent parameters such as the solubility
parameters and the difference in heat capacity should be
considered in addition to the boiling point.™

We note that a strong variation in film thickness has been
observed for the samples presented in this report (see ESIT).
However, no correlation between the domain size and the film
thickness has been observed here, therefore it can be excluded
as a parameter of interest.

Here, we propose to use the solubility of P3HT in the
respective solvent as the primary indicator for the domain size.
In Fig. 2 the OPL for each respective solvent is plotted against
the P3HT solubility in each solvent. We observe a correlation of
the OPL including di-, tri- and chlorobenzene as well as
thiophene.

However, chloroform has to be considered separately, as it
breaks with the trend. We assume that the reason for the rather
small OPL, therefore also the small domain size, is the high
vapor pressure of chloroform. This leads to very short drying
times of the films, leaving the polymer chains less time to
aggregate properly. Again, this stresses the point that a single
discriminator seems to be insufficient to predict the domain
size, or even the morphology of P3HT films.

In conclusion, we have obtained orientation maps of five
different solvent/P3HT combinations at two different tempera-
tures each. By comparing the images visually and with the help
of the OPL method we were able to identify the solubility as the
principal parameter determining the P3HT domain size. The
boiling point that has been extensively discussed in literature,
seems to play a secondary role only. However, we note that the
PEEM technique employed in this report is highly surface
sensitive, whereas many of the previously available methods
yield information concerning the bulk structure." This fact is
a possible explanation for the differences between the results
presented here and the literature. In addition, we point out
again that other groups have stressed the importance of the
solubility as well.">*?

Taking all observations into account we again stress the
point that the ability to investigate the surface morphology of
different P3HT samples, especially with respect to the domain
sizes and the grain boundaries, is a valuable tool to tackle
challenges that relate to the surface morphology and function of
semiconducting polymer films.
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