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Real-Time Study on Structure Formation and the
Intercalation Process of Polymer: Fullerene Bulk

Heterojunction Thin Films

Thaer Kassar, Marvin Berlinghof, Nusret Sena Giildal, Tilo Schmutzler,
Federico Zontone, Marco Brand|, Ezzeldin Metwalli, Johannes Will, Ning Li,

Tayebeh Ameri, Christoph . Brabec, and Tobias Unruh*

Fullerene intercalation between the side chains of conjugated polymers has a
detrimental impact on both charge separation and charge transport processes in
bulk heterojunction (BHJ) organic photovoltaic cells (OPVs). In situ grazing
incidence X-ray scattering experiments allow to characterize the structure for-
mation, drying kinetics, and intercalation in blends of phenyl-c61-butyric acid
methyl ester (PCsoBM) and poly(2,5-bis(3-tetradecylthiophen-2-yl)thieno[3,2-b]
thiophene) named (pBTTT-C14) from their 1,2-orthodichlorobenzene (oDCB)
solutions with different volume fractions of dodecanoic acid methyl ester (Me12)
as a solvent additive. The structure formation process during evaporation of the
solvent:additive mixture can be described by five periods, which are correlated to
a multistep contraction of the lamellar stacking of the bimolecular crystals.
The onset of crystallization is delayed by increasing the additive volume fraction
in the coating solution leading to a promoted crystallinity. A conclusive picture of
fullerene intercalation and additive-tuned structural evolution during the drying
of thin films of the polymer:fullerene BHJ blends will be presented.

Intermixed phases of a conjugated
polymer electron donor and an electron-
accepting fullerene derivative within the
active layer constitute what is referred to
as bulk heterojunction (BH]J) OPV cells.”
The tightly Coulomb-bound electron-hole
pairs (excitons) generated by light absorp-
tion in the polymer are dissociated into free
charges at the polymer:fullerene interface.
Photocurrent is generated by the collection
of the free charge carriers transported
through percolation pathways toward the
opposite electrodes of the device.

Excitons can diffuse for only 5-10 nm in
conjugated polymers to reach a polymer:
fullerene interface so they can be split into
free charges before recombination of the
electron-hole pairs that prevents charge
separation.!® Thus, a larger donor:acceptor
interfacial area improves exciton splitting,
while not fully continuous pathways

1. Introduction

Among the variety of renewable energy sources, organic photo-
voltaic (OPV) cells offer new opportunities for sustainable energy
production. Owing to their solution processibility, a cost-efficient
fast production through printing on flexible light weight sub-
strates has been realized.? The steadily developing technolo-
gies of material design and processing resulted in OPV with
over 15.6% power conversion efficiency (PCE).>*

throughout the active layer lead to an increased recombination
rate of charge carriers as the phases also serve as electron and
hole conductors, respectively. Optimizing the exciton diffu-
sion/splitting and extraction of charge carriers, by tuning the
nanoscale phase segregation between polymer and fullerene
domains, improves the PCE of OPVs.”~%) The extent of this phase
separation is determined by the miscibility between acceptor and
donor." In addition to the domain size and phase distribution,
the electronic and optical properties of the active layer are
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strongly influenced by various structural features such as
molecular packing and orientation of the crystalline domains.™"

A higher miscibility between polymer and fullerene can lead
to molecularly intermixed phases (either amorphous or bimolec-
ular crystalline)."?>*) Bimolecular polymer:fullerene crystals
are formed when there is enough space between the side chains
of the polymer to accommodate fullerene molecules.'*™*) The
intercalation of fullerene into the polymer can be controlled
by varying the fullerene size or the free volume between the
host’s side chain.["®1726]

Donor:acceptor mixing on the molecular level facilitates
exciton dissociation, as excitons form within a few angstrom
(A) of a donor:acceptor interface.'”*" However, larger recombi-
nation rates were observed in these domains.?*? Therefore,
extended regions (pathways) of either component are necessary
for avoiding recombination and efficient charge collection.!*?”)

The conjugated semicrystalline polymer poly(2,5-bis(3-alkylth-
iophen-2-yl)thieno[3,2-bjthiophene), named pBTTT, has been
found to be exceptionally suitable to study the nanoscale phase
segregation effect on charge generation.”®!! Several fullerene
derivatives such as phenyl-C-butyric acid methyl ester (PCBM)
can intercalate between the side chains of pBTTT to form a
thermodynamically stable BMC (cf. Figure 1)." Its structure
is stabilized by van der Waals intermolecular interaction between
the polymer and the fullerene molecules.?? The formation of
such well-mixed phases prevails over neat domains leading to
efficient exciton splitting into free charge carriers that suffer
from high recombination rate.'**?! The ratio between the inter-
calated phase and pure domains of either hole-transporting
pBTTT or electron-transporting PCBM can be tuned by varying
the composition ratios between pBTTT and PCBM. Anyway,
using an excess concentration of one component relative to

Figure 1. Illustrations of pBTTT-C14:PCsoBM BMCs. The monoclinic unit
cell parameters (@ =27A, b=9.4A, c=13 A and a = 108°) based on the
observed peaks in our ex situ GIXD measurements and the model
proposed in refs. [14,33] are depicted.
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the other has resulted in moderate PCEs."**>) An amorphous
intermixed phase has been found to coexist with the BMCs even
at relatively low fullerene ratio. Upon thermal annealing, the ful-
lerene molecules diffuse to form large aggregates resulting in
phase separation with micrometer length scales and thus low
PCE.?* The nanoscale phase segregation can be controlled by
using low volatility processing additives.*>*! Due to their high
boiling point, additives remain in the film longer than the pri-
mary solvent and continue to modulate the blend morphology.*”!

Previous studies indicated that using additives such as fatty
acid methyl ester offers a possible route for reducing the bimo-
lecular structure within pBTTT:PCBM BH]J films. The asymmet-
rical additive dodecanoic acid methyl ester (Me12) was chosen,
because its polar head favors PCBM while its alkyl tail is attractive
to the side chains of pBTTT.1?5~*"!

Grazing incidence X-ray diffraction (GIXD) and grazing
incidence small-angle X-ray scattering (GISAXS) have proven
to be powerful tools for investigating the structure and morphol-
ogy of thin film polymer:fullerene BHJ blends.*”*!*? Moreover,
time-resolved grazing incidence techniques enable in situ stud-
ies of the BH] morphology evolution during solution processing
allowing to gain critical insights into the mechanisms of molec-
ular rearrangements during drying. In a previous work, we shed
light on the formation and development of the self-assembled
structures in pBTTT:fullerene BHJ systems by monitoring
their drying process in real time. The intercalation was found
to take place before or during crystallization of the polymer.
That resulted in fast drying which completely ends in less than
1 min with the formation of stable BMCs. Their volume remains
constant upon subsequent further drying.**!

In this contribution, we present in situ studies of the structure
evolution of 1:1 (by weight) pBTTT-C14:PC,BM blends proc-
essed with Mel2 as an additive. By utilizing in situ GISAXS
and ex situ GIXD, we characterize the dynamic self-organization
and fullerene intercalation that occur during the formation of the
complex system.

In our previous work, we presented a custom-made fully auto-
mated sample cell designed for full characterization of the pro-
cesses taking place during thin film drying.!**! This cell enables
real-time investigations of thin film formation after doctor blad-
ing with in situ GIXD/GISAXS measurements complemented
by optical techniques such as white light reflectometry and pho-
toluminescence (PL) spectroscopy. It is equipped with an auto-
mated system for accurate temperature control and a motorized
syringe to inject the sample precursor solution.*>~*% The cell has
been installed on Beamline ID10 at the European Synchrotron
Radiation Facility (ESRF) to monitor the structure formation
and drying kinetics of pBTTT-C14:PC4soBM blends from their
1,2-orthodichlorobenzene (0DCB) solutions with different
concentrations of Mel2 as a solvent additive. The temperature
during the blading process and the measurements was kept con-
stant at 60°C under an inert atmosphere. The structures of
pBTTT, PC4oBM, Mel2, and oDCB are shown in Figure 2.

2. Results and Discussion

OPV BH]J film morphology evolves over a series of periods
during its formation upon drying from dilute solutions.*”!

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. The chemical structure of the materials used in this work: a) the pBTTT-C14 variant of pBTTT (R = Cy4H3s), b) PC¢oBM, c) the solvent: oDCB,

and d) the processing additive: Mel2.

The progressive increase in the components’ concentration in
the solvent is one of the reasons of this multiperiod film forma-
tion.'**#1 Throughout the course of active layer formation, the
concentration of the donor and acceptor increases up to a critical
value called solubility limit, at which the corresponding compo-
nent might start to precipitate.*>*”) Unlike fullerenes that show a
single solubility limit, conjugated polymers exhibit gelation
behavior.*?! The fast removal of solvent in the often used “spin
coating” processing technique leads to a fast drying process that
can also comprise polymer vitrification by fullerene.***% Many
in situ morphology formation studies focused on the benchmark
system P3HT:PCBM. Due to the limited miscibility of P3HT and
PCBM, it was assumed that P3HT crystallization leads to squeez-
ing PCBM molecules out of the regions where the polymer
crystallizes. Therefore, the phase separation was considered to
be driven by P3HT crystallization.!**** Three main film forma-
tion periods, before reaching the final film morphology (glassy
state), have been identified!*?**47=>7);

Period 1 (dissolved state): linear thinning rate as the wet film is
suffering significant solvent losses

Period 2 (nucleation and growth): starting with the onset of
nucleation of the polymer crystalline phase that hinders the
diffusion of solvent molecules to the surface leading to a slow
solvent evaporation

Period 3 (solvent swollen glassy state): extremely slow evapo-
ration of the residual solvent between the polymer chains leading
to a promoted crystallization

The structure formation of intercalating polymer—fullerene
blends has been found to be different: The solvent placed
between the polymer chains is replaced by the intercalated
fullerene molecules. The second drying period is therefore much
shorter than that of the intercalation-free blends.[**! The inter-
lamellar distances of BMCs (along a-axis) exhibit a very limited
and quick shrinking in the meantime. However, the in-plane
m—n stacking (along b-axis) and the intramolecular distances
(along c-axis) do not change at all.*’! No further significant
changes are likely to happen the third drying period (cf. additive
free thin film in Figure 3) or upon excessive drying in vacuum.
The intercalation was found to take place before or during
crystallization of the polymer. That resulted in fast drying
which completely ends in less than 1 min with the formation of
stable BMCs. Their volume remains constant upon subsequent
further drying.[**

In this work, we focused on the additive-driven film structure
formation of intercalating polymer:fullerene blends. Morphology
evolution of pBTTT-C14:PCsBM during the evaporation of
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Figure 3. Temporal change of the lamellar spacing of pBTTT-C14
crystallites of pBTTT-C14:PC¢oBM blends processed with different
amounts of Me12 additive during drying as derived from the time-resolved
GISAXS measurements. The vertical solid and dashed lines indicate the
onset and end of the second drying period, respectively.

mixed solvents, which comprises host solvent oDCB and process-
ing additive Mel2, was investigated by in situ grazing incidence
X-ray scattering. The onset of crystallization, i.e., when the lamel-
lar stacking 100 reflection could be observed for the first time, is
more delayed with increasing amount of additive as becomes
visible from the data, as shown in Figure 3. The solubility limit
of pBTTT and PCBM in the oDCB:Me12 mixture increases then
with increasing volume fraction of the additive, which has a
lower vapor pressure compared with oDCB. This onset indicates
the end of the first and the beginning of the second drying
period. Upon further drying, the 100 reflection shifts to smaller
values of the lattice spacing dygo due to the gradual removal of
intercalated oDCB and Mel2 molecules. In clear contrast to
the additive-free film, a multistep contraction of the lamellar
stacking has been observed in the films containing higher
amounts of Me12 (cf. Figure 3). The contraction rate is very high
at the beginning of the crystallization and then rapidly slows
down. Subsequently, an apparent saturation and afterward a
reacceleration are observed which allows to divide the drying
process into four distinct temporal periods leading to the final
film morphology (period 5), as shown in Figure 4. The final
dqgo is the same for all blends which means that there was no
hindrance of fullerene intercalation even for high amounts of
Me12. Obviously, the intercalation has occurred prior to or dur-
ing the polymer crystallization and is present during the very
first observation of Bragg reflections of the polymer.

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Temporal change of the lamellar spacing and relative degree
of crystallinity (rDoC) for BMCs of the pBTTT-C14:PC¢BM blends
processed with a) 5.3vol% and b) 2.7vol% Mel2 additive during
drying as derived from the time-resolved GISAXS measurements. Five
periods (I-V) of structure development are identified and marked with
vertical lines.

www.solar-rrl.com

To gain more insight into the structure evolution of
pBTTT-C14:PCgoBM blends processed with 5.3 vol% Me12 addi-
tive, in-plane and out-of-plane cuts of the time-resolved GISAXS
measurements are shown in Figure 5. The out-of-plane cuts
help to follow the evolution of the Yoneda peak during drying.
The in-plane cuts were extracted at the Yoneda peak position
at which the GISAXS signal is most pronounced due to the con-
structive interference phenomenon between the incident and
reflected X-ray beam.”® The intensity development of these cuts
with time can be followed in the 2D color maps shown in
Figure 5. The initial film consists of a predominantly liquid
phase. The solvent content drops significantly during the
first drying period leading to the formation of a strong, broad
Yoneda peak. Because of its lower vapor pressure and higher
boiling point, Mel2 remains in the film longer than oDCB,
resulting in a clear change of the material-sensitive Yoneda peak
during drying. As shown in Figure 5, the in-plane GISAXS scat-
tering intensity increases in the first 50s and subsequently
decreases with increasing drying time. The total scattering invari-
ant (TSI = [I(q)q*dq)"” has been calculated and is plotted as a
function of drying time in Figure 6a. The TSI is proportional to
the contrast of scattering length densities between the scatterer
and the embedding medium and thus to the difference between
their indexes of refraction.*” The dispersion term & and the
absorption term S of the index of refraction n for all materials
used in this work are shown in Table S1, Supporting
Information. The contrast between PCsoBM and oDCB is the
smallest, whereas the biggest contrast is found to be between
PC4oBM and Mel2. The TSI increases in the first 50 s of drying
due to the essentially sole evaporation of oDCB. The drop of the
TSI after the first drying period obviously reflects the evaporation
of both Mel2 and oDCB and the corresponding increasing
volume fraction of pBTTT.

Herein, we introduce a model that is capable of describing
the time-resolved GISAXS data in the framework of distorted
wave Born approximation (DWBA). In the proposed model,

—1 10000
a [1 i lurlwlv
Spgcular '

- [
i <
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g - B 1000 '3
‘_:»\ 3 S
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Figure 5. In-plane (left) and out-of-plane (right) cuts of the time-resolved GISAXS measurements of pBTTT-C14:PC¢BM blends processed
with 5.3 vol% Mel2 additive as a function of the drying time. Five periods (I-V) of structure development are identified and marked with

vertical lines.

Sol. RRL 2020, 4, 1900508 1900508 (4 of 10)

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.advancedsciencenews.com
http://www.solar-rrl.com

ADVANCED
SCIENCE NEWS

é ‘ RRL

www.advancedsciencenews.com

(a) l~l T T T T T T T T T
1k I ik il v Vv n
© 00go,
ooF ° %o -
OO
08 | % i
Oooo
= 0,
Zo7r o N -
%%
06 o5 4
: (]
o
0.5 ] B
OO
04 - RBlelelclolololololololelleloley
0 3 1 1 1 1 1 1 1 1 1
(] 50 100 150 200 250 300 350 400 450 500
Time [s]
(b) T T T T T T T T T 8
2 g it ur v y
.°°oo° 7
51F o o a
o s
5 763
S sy o g
* o) o ©
2 Oo 15 5
249 O ° &
w (0} oo =
-4 =
L ° 002 L eee %0 3
4.8 ooo::,,‘g:"’" K]
00° 43
47F O
00
| | | | 1 | | | | 2
0 50 100 150 200 250 300 350 400 450 500
Time [s]

Figure 6. a) TSI of the time-resolved GISAXS measurements of
pBTTT-C14:PC4oBM blends processed with 5.3vol% as a function of
the drying time. b) Fit results of the GISAXS intensity using the proposed
model: Smatrix (red) and coherence length of the paracrystal (blue). Five
periods (I-V) of structure development are identified and marked with
vertical lines.

it is assumed that the PC4BM molecules are embedded in a
matrix consisting of pBTTT, oDCB, and Me12 and exhibit a para-
crystalline order in the in-plane direction. The mono-disperse
spherical form factor for PCqBM molecules (R=0.43 nm)[61]
reproduces the broad fullerene halo at (g~ 1.4A~")% in
the measured GIXD patterns. To describe the spatial arrange-
ment of fullerene molecules in the film, a radial paracrystal
approach according to Hosemann et al. has been chosen as inter-
ference function.®”! From the lattice parameters of the BMC of
PBTTT-C14:PCsoBM (b=9.4 A, c=13 A, and a = 108),**% one
can calculate the lateral average distance between PCgoBM
molecules to be 1.235 nm. There is good agreement between
the simulation using the proposed model and the experimental
data (cf. Figure S1, Supporting Information). More details about
the model can be found in the Supporting Information. Figure S2,
Supporting Information, shows the simulated GISAXS intensity
compared with the experimental data for the completely dried
film  (Smatrix = Opprrr). GISAXS data of pBTTT-C14:PCeoBM
(5.3 vol% Me12) were fitted for each time during drying by adjust-
ing two of the model parameters: Sauix Which alters the scatter-
ing contrast and the coherence length L of the paracrystal
(cf. Figure 6b). Spmaix is used to estimate the dynamic volume frac-
tion of all constituents of the film during drying (cf. Table S2,
Supporting Information). The results demonstrate that the

Sol. RRL 2020, 4, 1900508 1900508 (5 of 10)
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temporal evolution of Spaix is in good agreement with that of
the TSI. It decreases in the first drying period as oDCB evaporates
and the relative concentrations of Me12 and pBTTT-C14 increase.
This results in increased scattering contrast and thus in increase
of TSI. Spmarix reaches a minimum at the end of period 1 indicating
that Me12 has become the major component of the mixed solvent
and just started to evaporate. In period 2, the overall scattering
contrast reduces as Spmauix increases due to the evaporation of
oDCB and minor amounts of Mel2. At the end of this period,
the oDCB content vanishes. At this point, the liquid phase consists
mainly of pure Me12 due to its vapor pressure being higher than
that of oDCB. Now the BMCs with incorporated Mel2 are in
equilibrium with excess liquid Mel2 saturated with solved
pBTTT-C14/PCy,BM. The existence of the corresponding two-
phase region was experimentally proven and will be demonstrated
later in an independent paragraph. In the third drying period, the
liquid Me12 evaporates continuously leading also to recrystalliza-
tion of pBTTT-C14/PCsoBM from the solution. This leads to the
observed increasing of the relative degree of crystallinity, as shown
in Figure 4. According to the phase equilibrium, the d;o value
of the BMCs stays constant in this drying period (cf. Figure 4).
When all Mel2 from the liquid phase has evaporated, only
BMCs with cointercalated Mel2 embedded in an amorphous
pBTTT-C14/PCcoBM phase are left. Upon further drying and
Me12 evaporation in the fourth period, the Mel2 concentration
in the BMCs decreases which is accompanied by a further reduc-
tion of the d;o spacing. When all Mel2 is evaporated, pure BMCs
are left in the amorphous matrix, and no further changes are
observed in the last period. The coherence length increases over
the drying time. This increase in lateral size of the BMCs is prob-
ably due to particle growth and/or coalescence. It could be also
concluded that fullerene intercalation takes place early in the first
drying period before the observation of diffraction peaks. This is
supported by the in situ PL results (cf. Figure S6, Supporting
Information).

The location of Mel2 molecules after the complete solvent
evaporation and the mechanism underlying its demixing from
the ternary pBTTT-C14:Me12:PCsBM blend are, however, not
well understood. Therefore, transmission small-angle X-ray scat-
tering (SAXS) experiments on the interaction between the addi-
tive and the already formed crystals have been conducted. The
lamellar spacing of the BMCs as well as of pure pBTTT-C14 crys-
tals manifests a reversible expansion/contraction upon Mel2
uptake and release (intercalation and extraction of Mel2 mole-
cules; cf. Figure 7 and Figure S3, Supporting Information) Thus,
Me12 molecules do intercalate between the side chains of the
polymer crystals and along with the already intercalated fullerene
molecules in the BMCs. It could be also concluded that Me12 can
partly dissolve the BMCs and the amorphous phase resulting in
an excess liquid Mel2 phase saturated with pBTTT-C14 and
PCqoBM. Extraction of Mel2 leads to the recrystallization of
the solved pBTTT-C14/ PCyoBM before the contraction of BMCs,
as shown in Figure S3, Supporting Information. This supports
our drying model presented above respecting the existence of
a two-phase equilibrium between liquid Mel2 (saturated by
pBTTT-C14 and PC4,BM) and BMCs with intercalated Me12.

We also conducted ex situ GIXD measurements in vacuum
at room temperature to study the morphology and molecular pack-
ing after the complete removal of additives. The 2D-GIXD detector

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 7. The contraction of the lamellar spacing of pBTTT-C14 crystallites
upon extraction of Me12 molecules as derived from transmission SAXS.
For these measurements, the layers which were previously prepared at the
ESRF have been exfoliated from their substrates. They were powderized
and filled into capillaries and wetted by a droplet of Me12. The two ends
of capillary have been left open to allow a slow removal of Me12 during the
measurements performed at 60 °C under vacuum.

images of the completely dried intercalated pBTTT-C14:PC4oBM
films are shown in Figure 8. The solvent quality for pBTTT-C14
and PCgBM increases with increasing volume fraction of
Mel2 in the mixed solvent. The use of relatively large amounts
of additive seems to enhance the final film crystallinity. In this
case, higher-order and mixed-index diffraction peaks are
observed and indicate better order of the bimolecular crystalline
phase as visible in Figure 8 and 9. The Bragg reflections have
been indexed according to a standard model proposed else-
where."**¥! The broad fullerene signature peak at q=1.4 A™"
is entangled in a close region with the 700 and the 020 Bragg
reflections of the BMC (cf. Figure S4, Supporting Information).
The promoted crystallization induced by Mel2 can be attributed
to plasticization of the nearly dry film which extends the time win-
dow over which crystallization occurs.***”) We have found in our
previous publication that intercalation results in lower preference
for edge-on orientation of crystallites™*?! presumably due to bulk
nucleation.’®® This can be attributed to the fast drying as interca-
lation quenches the liquid film into the glassy state. Nevertheless,
BMCs in the blends with large amounts of Mel2 have more
preference for edge-on orientation than that of the additive-free
blend as it becomes obvious from the data shown in Figure 9
and S5. This highly oriented edge-on structure may prevent
efficient carrier transport resulting in poor device performance
(cf. Figure S7, Supporting Information).

Based on the aforementioned discussion, we can propose the
following model of the additive-tuned structure formation from
solution for intercalating blends:

Period 1: Due to its higher vapor pressure, the solvent oDCB
evaporates more rapidly than the Mel2 additive, resulting in an
increased solubility limit of pBTTT-C14 and PCgoBM in the mix-
ture. This period ends with reaching the critical concentration of
pBTTT-C14 in the oDCB:Mel2 mixture as evidenced by the
earliest observation of polymer crystallization.

The duration of period 1 is found to linearly increase
with increasing the amount of additive present in the blend.
The additive was found to become the major component in
the solvent:additive mixture before the beginning of period 2.
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Period 2: The 100 diffraction peak originating from the inter-
lamellar stacking of the BMC can be observed for the first time at
the beginning of this period. The initial BMCs intercalate besides
fullerene solvated with Me12 also some oDCB and thus exhibit a
large interlamellar spacing. The segregation of oDCB and Mel2
molecules from the BMCs with increasing drying time leads to a
significant decrease in the interlamellar spacing and an increase
in crystallinity.

Period 3: oDCB fraction approaches zero leading to a
two-phase equilibrium composed of excess liquid Mel2 satu-
rated with solved pBTTT-C14/PCysBM and BMCs with cointer-
calated Me12. The drying process continues with the evaporation
of liquid phase Mel2 and crystallization of the solved
pBTTT-C14/PC4oBM. Mel2 intercalated within the BMCs is
not yet removed and thus the lamellar stacking is apparently
saturated.

Period 4: As the residual additive incorporated inside the BMC
layers starts to evaporate, the backbone spacing shrinks to its
final value leading to a denser packing of the polymer molecules.

Period 5: By the complete removal of Mel2, the final film
morphology is reached.

3. Conclusions

In this contribution, in situ structural characterization techni-
ques have been utilized to track the additive-driven film forma-
tion of intercalating 1:1 (by weight) pBTTT-C14:PC¢BM blends
from their oDCB solutions with different volume fractions of
Mel2 as a solvent additive. The structure formation during sol-
vent:additive evaporation subdivides into five temporal periods,
which correspond to a multistep contraction of the lamellar stack-
ing of the polymer chains within the BMCs tuned by the amount
of additive. Due to its low vapor pressure and high solubility for
both pBTTT-C14 and PC¢BM, Mel2 elongates the drying time.
Increasing the additive volume fraction in the coating solution
delays the onset of crystallization and promotes crystallinity of
the BMCs and enhances its edge-on orientation. On the basis
of the results, a conclusive picture of the additive-tuned structural
evolution during the drying of intercalating polymer:fullerene
BH]J blends was presented. The described results demonstrate
the importance of in situ structural analysis for developing an
in-depth understanding of the formation mechanism in the
solution-processed active layers for OSCs.

4. Experimental Section

Materials: pBTTT-C14 (M,, = 40-80 kDa) was purchased from Lumtec
(Taiwan), whereas PCqoBM (99.5%) was purchased from Solenne (the
Netherlands) and used without further purification. pBTTT-C14:PC¢oBM
solutions (1:1 by mass) were prepared in 1,2-orthodichlorobenzene
(oDCB)(99%) purchased from Sigma-Aldrich (Germany). The total con-
centrations of the pBTTT-C14:PCeoBM mixture were 30mgmL™".
Dodecanoic acid methyl ester (Me12)(99.5%) was purchased from
Sigma-Aldrich. All solutions were left stirring for more than 4h at
100 °C to fully dissolve all compounds. The films were prepared by doctor
blading at 60 °C. As GIXD/GISAXS and PL techniques require an ultraflat
and a well-characterized substrate, films were deposited onto silicon sub-
strates purchased from Si-Mat (Germany) with natural SiO,. The wafers
were cut into rectangular pieces (20 mm x 80 mm), cleaned mechanically

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 8. Ex situ GIXD detector images of the completely dried films of pBTTT-C14:PCsoBM processed with different amounts of Me12 additive
measured with the VAXSTER instrument. Regions in white correspond to the position of the two intermodule gaps of the Pilatus detector.

A beam stop was used to avoid oversaturation of the detector.

with soapy deionized water, rinsed with deionized water, and ultrasoni-
cated with acetone and then with isopropanol. The substrates were
dried with nitrogen and kept in a desiccator to avoid any contamination
on the surface.

In Situ GISAXS: The in situ GISAXS measurements were carried out
at the ID10 beamline of the ESRF (France) using a high spatial resolution
MAXIPIX area detector (516 pixel x 516 pixel) with a pixel size of
55 pum x 55 um. The detector-to-sample distance was calibrated to be
663.2mm with a silver behenate standard. An evacuated flight tube
has been installed between the cell and the detector to reduce the air scat-
tering. The measurements were carried out with an X-ray energy of 22 keV.
GISAXS data were collected with an incidence angle of 0.14° to obtain a
clear separation between the critical angles of the involved materials and
the specular peak. To obtain information about the crystalline structures
with a weak background from the substrate, an incidence angle of 0.07°
was selected. Grazing incidence geometry of the incident X-ray with
respect to the sample surface had been used to enhance the scattered
intensity, to maximize the scattering volume, and to access the 3D struc-
ture of the studied thin films (lateral and normal direction). About 50 pL of

Sol. RRL 2020, 4, 1900508 1900508 (7 of 10)

sample precursor solution were dispensed by the motorized syringe under
the edge of the doctor blade adjusted 300 pm above the substrate surface.
The in situ measurements commenced immediately after the solutions
were injected using an automatized injection system on precleaned silicon
substrates at 60 °C under a dry helium atmosphere. The blade was imme-
diately translated after injection at a velocity of 15 mms~'. The beamline
slits were adjusted to produce a vertically 10 pm-wide beam which illumi-
nated the full length of the 20 mm-long substrate. The footprint at the
sample position was roughly 20 mm x 0.204 mm. Any radiation damage
was avoided by dividing the measurement into 500 frames and horizon-
tally moving the whole cell 20 pm per frame. Therefore, the total measured
sample area was 1 x 2 cm?. The X-ray exposure time was adjusted to be
0.995 s per frame. As 20 pm horizontal movement of the cell took 0.005 s,
the frame time was 1 s. At the beginning of the coating process, the appli-
cator blocks the incident X-ray beam. Respecting that the distance between
the blade and the beam blocking frame of the applicator is 15 mm, the first
time frame of the recorded X-ray data with full scattering intensity
corresponds to a time of 15mm/(15mms™') =1 after film formation.
Data were reduced using DPDAK software.® GISAXS data analysis was

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 9. a) Out-of-plane and b) in-plane cuts of the ex situ GIXD detector
images of the completely dried films of pBTTT-C14:PC¢oBM processed
with different amounts of Me12 additive. The missing parts of the curves
in (a) correspond to the two intermodule gaps of the Pilatus detector
where no photons can be counted.

based on the DWBA® using the BornAgain software package!’"! and
taking the form and structure factor of particles embedded in the film
as well as reflection and refraction effects into account.

Ex Situ GIXD: In addition to the in situ measurements, 2D-GIXD
measurements of the dried thin films prepared at the ESRF have also been
recorded for reference. For this purpose, the apparently dried samples at
the end of an in situ drying experiment were dried in vacuum to reduce the
solvent content in the samples as far as possible before performing the
2D-GIXD measurement. The ex situ measurements were carried out inside
the fully evacuated beam path of the highly customized Versatile Advanced
X-ray Scattering instrumenT ERlangen (VAXSTER) at the Institute for
Crystallography and Structural Physics (Friedrich-Alexander-Universitit
Erlangen-Niirnberg, Germany). The beam was shaped by two of the four
available automated double-slit systems (aperture sizes 0.7 x 0.7 and
0.4 x 0.4 mm?, respectively) with a distance of about 1.2m between
the two. The second slit system consisted of four “scatter-less” silicon sin-
gle crystal blades. All ex situ measurements were carried out at 22°C
inside the fully evacuated beam path using a 2D Pilatus3 300 K detector
(Dectris AG, Switzerland). The collimation line was tilted and shifted
with respect to the horizontal plane allowing grazing incidence angles
which maximize the scattering volume and enhance the scattered
intensity. The measurements were carried out with X-ray energy of
9.25keV (Ga Ka) and an incidence angle a; of about 0.17°. The sam-
ple-detector distance (SDD) was calibrated to be 172.5 mm using a silver
behenate standard, providing a footprint of about 0.5 x 20 mm? at the
sample position.

SAXS: SAXSpace from Anton Paar GmbH (Austria) was utilized in this
work for SAXS measurements at the Institute for Crystallography and
Structural Physics (Friedrich-Alexander-Universitat Erlangen-Niirnberg,
Germany). X-rays were provided by a Cu K, microfocus tube (50W)
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and detected by a 2D diode-array (CMOS) detector (Pilatus 100k,
Dectris AG, Switzerland) with 172 x 172 um? pixel size. The X-ray beam
intensity was enhanced and monochromatized by a focusing multilayer
mirror. The sample holder was equipped with a silica glass capillary with
an inner diameter of &1 mm and 10 pm wall thickness. The thin films pre-
pared at the ESRF had been mechanically exfoliated by a scraper and
transported to the capillaries. A droplet of Me12 had been injected into
each capillary. The two ends of capillary had been left open to allow
removal of Me12 during the measurements performed at 60 °C under
vacuum. The SDD was calibrated to be 306 mm using a silver behenate
standard.

Supporting Information

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