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In order to tailor the assembling of polymers and organic molecules, a deeper understanding of the
kinetics involved in thin film production is necessary. While post-production characterization only
provides insight on the final film structure, more sophisticated experimental setups are needed to
probe the structure formation processes in situ during deposition. The drying kinetics of a deposited
organic thin film strongly influences the assembling process on the nanometer scale. This work
presents an experimental setup that enables fine control of the atmosphere composition surround-
ing the sample during slot die coating, while simultaneously probing the film formation kinetics
using in situ grazing incidence X-ray scattering and spectroscopy. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4984130]

The increasing interest in organic electronics (OEs), espe-
cially in organic light emitting diodes (OLEDs), organic solar
cells (OSCs), and organic field effect transistors (OFETs)
demands production possibilities on large scale. As organic
semiconductors can be processed out of solution, up-scalable
printing techniques like slot die coating or spraying are meth-
ods of choice for thin film deposition.l’2 For an OSC, the
device architecture and the resulting inner nano-morphology
are important for the device performance.®* Several attempts
aim to manipulate the inner morphology either during process-
ing of the active layer or thereafter. The most prominent ones
are thermal annealing, solvent additives, or solvent annealing,
where especially the latter one is a promising approach.”’ A
3D reconstruction of the final inner structure can, for exam-
ple, be obtained using ptychographic X-ray imaging.® To gain
control over the final structure, current interest has moved
on to investigate the kinetics during morphology formation
using grazing incidence small and wide angle X-ray scat-
tering (GISAXS/GIWAXS). Recently, the first attempt of a
slot die coater adaptable to synchrotron beamlines was intro-
duced and mechanisms of structure formation of printed films
were shown.”!? To understand the self-assembly processes in
thin organic films, advanced setups for in situ characterization
implemented into a synchrotron instrument are required, while
having control over various parameters.' =13 In this work, we
design and fabricate a modular chamber for the slot die coater
that was previously introduced.”!? This chamber enables full
control during the printing of thin films while allowing for
in situ characterization of the film formation. It is capable of
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offering and keeping a defined flow of different wet gases
containing organic solvents with customized partial pressures,
featuring the whole range from dry to solvent-saturated gas,
which allows for annealing during device processing. Fur-
ther control parameters can be used, for example, an external
electric field or a defined sample stage temperature. During
processing, the morphological development can be tracked
in situ with GISAXS, GIWAXS, and optical spectroscopy. To
demonstrate the functionality of the setup, it is implemented
into a synchrotron instrument and the drying of a printed active
layer for OSCs is probed with GISAXS. Additionally, we are
able to track the changes in the absorption behavior during
decelerated solidification.

The main part of the presented setup is a chamber, in
which the sample printing takes place. A diagram of the com-
plete printer setup (printing unit and environmental chamber)
is depicted in Fig. 1(a), see the supplementary material for
further images. The presented chamber is generally made of
aluminum plates for good chemical resistance against organic
solvents at low weight. The inner volume is kept small to
keep the time scale of atmosphere control as short as pos-
sible. The outer dimensions are around (130 x 300) mm? with
a height of 80 mm except at the outlet window with a height
of 100 mm in order to extend the scattering exit angle range
for GIWAXS. For weight reduction, all sides exhibit milled
pockets but still guarantee a high stability and the possibility
to weld the chamber sides together for high gas tightness. It is
mounted above the horizontal motor by spacers carrying the
weight and fixing the position of the chamber. The motor is
kept outside the chamber to separate the electrical components
from the solvent atmosphere and, concurrently, minimize the
volume of the chamber. The lateral movement of the motor
stage is then transferred into the static chamber via rails fixed

Published by AIP Publishing.
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FIG. 1. (a) Isometric view of the fully assembled printer setup including the printing unit and the environmental control chamber. (b) Exploded isometric view
of the atmosphere chamber with most important functional parts. (c) Sectional front view on the sample stage and the connection possibilities for optical fibers
for in situ reflectometry or UV-Vis measurements. The orange arrows schematically depict the X-ray path relative to the chamber.

on the motor stage and parallel mounted, sealed (Zurcon®
720, Trelleborg Sealing Solutions) hollow pistons. Inside the
chamber, a holder is fixed on these pistons, on which there
is an electrically heatable (up to 150 °C) sample stage that
moves with the pistons inside the chamber. High performance
resistors are mounted on the bottom of the copper stage and
are connected via electrical plugs that are mounted into the
end of the hollow pistons and sealed by casting epoxy. The
stage holder is made of polyether ether ketone (PEEK), which
exhibits a low thermal expansion along with a high solvent
resistivity. The copper stage also works as the bottom elec-
trode, which together with a copper top electrode allows for an
electric field during printing. The maximum length of a coated
film is 150 mm, which is sufficient for following the film solid-
ification process. The heatable print head (Jema Technologies
LLC) is positioned inside the chamber through an opening in
its ceiling. To ensure the tightness, bellows (side) and a print
head holder (top) are used. The holder is made of PEEK for low
heat conduction to the mount and sealed using area seals. This
allows to vertically move the print head and thereby adjust-
ing an accurate print head-to-sample distance (gap clearance),
while remaining an atmosphere tight environment inside the
chamber. A removable cover that enables the exchange of sam-
ples is sealed with a surface seal and fixed with snap locks
during operation. The individual parts and their positions are
depicted in the exploded, isometric view of Fig. 1(b) as well
as in the sectional front view in Fig. 1(c).

To produce the desired atmosphere two gas supplies, dry
and saturated, respectively, are mixed at a controlled ratio.
Solvent-saturated gas is obtained using a washing bottle. Each
path’s flow is regulated separately using mass flow controllers
(red-y smart controller GSC, Vogtlin Instruments AG). After-
wards, both supplies are merged to produce a gas mixture
in a ratio according to the set flow rates and directed into
the chamber via a nozzle purchased from Lechler GmbH at
the gas inlet. This nozzle provides a defined gas flow above
the sample. To probe the sample with X-rays, 25.4 pum thick
Kapton® foils from DuPont™ are fixed on either side of the
chamber. The setup is designed to observe the main charac-
teristic crystalline peaks of most semiconducting polymers of
interest (maximum achievable q, = 18 nm™!, qyy = 25 nm™!
for 10 keV). The remaining windows are covered with glass

for illumination and acquisition of a video signal to be able
to control the process remotely, which is necessary for in situ
X-ray probing. Further features are the KF flanges mounted
on the top and side of the chamber to connect optical fibers to
an UV-Vis sender and receiver or a reflectometer, respectively.
Hence, either the film thickness or the absorption properties of
the printed film can be probed while drying. The sectional
front view in Fig. 1(c) identifies the paths of optical and
X-ray characterization. The top fiber is lead through a copper
plate which also works as the top electrode for the electrical
field. A hole in the copper sample stage and its holder allow
the UV-Vis signal to pass the stage.

Two experiments on the model system poly(3-hexyl-
thiophene):[6,6]-phenyl-C61 butyric acid methyl ester (P3HT:
PCBM) in chlorobenzene (20 mg/ml, 1:1 ratio), widely used
for OSCs, are carried out to demonstrate the versatility of the
environmental chamber. Therefore, as a first experiment, it
is implemented into beamline 7.3.3 of the Advanced Light
Source (ALS) at Lawrence Berkeley National Laboratory.'*
The P3HT:PCBM blend is printed on a silicon substrate
using different gas streams flowing above the freshly coated
film. The printing parameters are set to a pump rate of
250 pl/min, a printing speed of 10 mm/s, and a gap clear-
ance of around 300 pm, resulting in a final film thickness
of around 150 nm. Time-resolved GISAXS is performed
in situ to track the structure formation while drying with an
incident angle of 0.35°, similar to previous studies on this mate-
rial,*1% and a sample-to-detector distance of 1.8 m at 10 keV.
Figs. 2(a) and 2(b) depict vertical line cuts of the recorded
2D-GISAXS data versus time for a sample printed under a
flow of dry helium gas and chlorobenzene saturated helium
gas. The data show a clear difference in the structure forma-
tion time for the two different experimental conditions. Drying
under a dry gas flow shows a rapidly increasing scattering sig-
nal, whereas the sample coated under a saturated flow shows
initially a decelerated process, which then rapidly increases at
a later stage. The slower drying is expected to influence the
structure formation in a positive manner in terms of solar cell
efficiency.”!0

The second demonstration experiment shows the suitabil-
ity of the implemented optical fibers to record absorption
spectra of the printed films during thin film solidification
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exemplified by printing a P3BHT:PCBM film on a glass sub-
strate in nitrogen atmosphere. The recorded UV-Vis spectra
during printing are shown in Fig. 2(c). With a time resolution of
200 ms, the crystallization process can clearly be followed.
After the initial evaporation of the solvent, the polymer crystal-
lizes within 10-20 s as seen in the formation of well-established
shoulders in the UV-Vis spectra at around 605 nm. Using
a chlorobenzene-saturated nitrogen gas stream while print-
ing, the onset of the crystallization shoulder is delayed for
approximately 20 s [Fig. 2(d)]. If the gas flow is switched on
10 min prior to printing, the solvent partial pressure inside the
chamber is able to increase, which yields a delay of even up
to nearly double the time compared to the film printed under
a dry flow. Thus, the data confirm the proper functioning of
the atmospheric chamber allowing for customized conditions
of film printing along with comprehensive morphological and
spectroscopic system characterizations.

In this work, we have designed and built an atmospheric
chamber for a slot die coater which can be implemented into
a synchrotron beamline for in sifu measurements of the struc-
ture formation. Using the presented setup, it is possible to
transfer the controlled printing of thin films into a synchrotron
beamline offering a detailed analysis of the fundamentals
of structure formation while controlling the environment to
approach optimized film production conditions. The setup
offers the possibility to simultaneously track either the film
thickness or the absorption properties with a reflectometer and
UV-Vis, respectively. The structure formation time of a model
P3HT:PCBM system is reduced by controlling the vapor envi-
ronment during printing as seen with in situ GISAXS and UV-
Vis absorption measurements. Using the presented setup, the
self-assembly process in thin films is controlled by tuning sev-
eral macroscopic processing parameters (vapor environment,
flow rate of gases, temperature, external electric field, etc.)
which enable the production of functional films with enhanced
properties.

See supplementary material for further large scale views
of the chamber.
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