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ABSTRACT: Controlling the polymorph formation in organic
semiconductor thin films by the choice of processing parameters is mownoclinie
a key factor for targeted device performance. Small molecular
semiconductors such as the prototypical anilino squaraine

compound with branched butyl chains as terminal functionalization ?* oo Ho ‘g
(SQIB) allow both solution and vapor phase deposition methods. NE C—Q N %
SQIB has been considered for various photovoltaic applications >_/ on O Ho \_< ;
mainly as amorphous isotropic thin films due to its broad absorption

within the visible to deep-red spectral range. The two known )
crystalline polymorphs adopting a monoclinic and orthorhombic orthorhombic
crystal phase show characteristic Frenkel excitonic spectral signatures

of overall H-type and J-type aggregates, respectively, with additional

pronounced Davydov splitting. This gives a recognizable polarized optical response of crystalline thin films suitable for identification
of the polymorphs. Both phases emerge with a strongly preferred out-of-plane and rather random in-plane orientation in spin-casted
thin films depending on subsequent thermal annealing. By contrast, upon vapor deposition on dielectric and conductive substrates,
such as silicon dioxide, potassium chloride, graphene, and gold, the polymorph expression depends basically on the choice of growth
substrate. The same pronounced out-of-plane orientation is adopted in all crystalline cases, but with a surface templated in-plane
alignment in case of crystalline substrates. Strikingly, the amorphous isotropic thin films obtained by vapor deposition cannot be
crystallized by thermal postannealing, which is a key feature for the spin-casted thin films, here monitored by polarized in situ
microscopy. Combining X-ray diffraction, atomic force microscopy, ellipsometry, and polarized spectro-microscopy, we identify the
processing-dependent evolution of the crystal phases, correlating morphology and molecular orientations within the textured SQIB
films.

1. INTRODUCTION In case of SQIB, two polymorphs are known, each having

Crystalline or§anic thin films often exhibit linear dichroism and multiple molecules in the primitive unit cell:**** a monoclinic
birefringence.” By structural design of the molecular building P2)/c phase (Z = 2; CCDC code 1567209) and an
blocks, advanced functionality can be introduced including orthorhombic Pbcn phase (Z = 4; CCDC code 1567104), as

nonlinear optical properties” or circular dichroism.>* In depicted in Figure 1b and c.

addition, fine-tuning can be obtained by selecting a specific The optical properties of the condensed phases are
polymorph through the processing conditions.”” The interest dominated by Coulombic coupling between the molecular
in polymorph selective growth of organic molecules is compounds. In a simplified picture according to the Kasha
widespread, because the polymorph choice can determine model, the excitonic properties can be described by linear
the color of pigments and aggfegates;w’u improve optoelec- combinations of multiple transition dipole moments.”’~*!
tronic device performance,'””"" or decide about the bio- Here, the transition dipole moment is along the molecular
functionality of, for instance, active drug ingredients.'*~" Even backbone as depicted by red arrows in Figure 1. For molecular

for monolayer J-aggregates, polymorphism determines the
polarized light fluorescence.”” The dihydroxy anilino squaraine
SQIB (2,4-bis[4-(N,N-diisobutylamino)-2,6-
dihydroxyphenyl]squaraine), as sketched in Figure la, is a
prototypical quadrupolar donor—acceptor—donor-type semi-
conductor compound. Because of the strong light matter
interaction in the visible to deep-red region, squaraines have
been widely used for various photovoltaic applications
including xerography,”"** solar cells,”>~** photodetectors,”’
and neurostimulating photocapacitors.”””

solids with a nonprimitive basis, the coupling of the different
molecules causes a distinct excitonic spectral splitting of the

Received: April 21, 2022
Revised:  July 6, 2022
Published: July 20, 2022

© 2022 The Authors. Published b
Ameericl;n %ﬁemlilcallssce)cietz https://doi.org/10.1021/acs.langmuir.2c01023

W ACS Pu bl ications 9266 Langmuir 2022, 38, 9266—9277


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Frank+Balzer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tobias+Breuer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gregor+Witte"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Manuela+Schiek"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.langmuir.2c01023&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c01023?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c01023?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c01023?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c01023?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c01023?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/langd5/38/30?ref=pdf
https://pubs.acs.org/toc/langd5/38/30?ref=pdf
https://pubs.acs.org/toc/langd5/38/30?ref=pdf
https://pubs.acs.org/toc/langd5/38/30?ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.langmuir.2c01023?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/Langmuir?ref=pdf
https://pubs.acs.org/Langmuir?ref=pdf
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://acsopenscience.org/open-access/licensing-options/

Langmuir

pubs.acs.org/Langmuir

orthorhombic
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Figure 1. (a) Structural formula of the donor—acceptor—donor-type (D—A—D) SQIB molecule. The red arrow denotes the long molecular axis
and the direction of the transition dipole moment for the S; — S, transition. Packing and stacking of SQIB molecules and the observed planes
parallel to the surface for the two known polymorphs are depicted in (b) and (c) using VESTA.** The primitive unit cells are denoted by thin black
lines. The long molecular axes of the SQIB molecules, and with that the transition dipole moments, are shown by red arrows. Molecular backbones
are depicted by orange rectangles to visualize their stacking. The molecular stacking directions are indicated by green arrows pointing parallel to the
crystallographic c-axis and a-axis in (b) and (c), respectively. The yellow planes denote the (110) plane of the orthorhombic Pbcn phase (Z = 4)
(b) and the (011) plane of the monoclinic P2,/c phase (Z = 2) (c), respectively.

absorption band (Davydov splitting) into an upper and a lower
Davydov component, UDC and LDC, respectively. The
pronounced coupling between equivalent molecules forming
stacks causes an overall spectral shift of both Davydov
components relative to the monomer absorbance in solution,
as discussed previously in ref 33 and for completeness shown
in Figure S1. With that, the monoclinic polymorph can be
described as an H-type aggregate (overall spectral blue-shift)
and the orthorhombic polymorph as a J-type aggregate (overall
spectral red-shift).

The polarized absorbance properties in normal incidence
transmission of crystalline textured thin film samples are then
determined by the projection of the directions of the respective
Davydov transitions onto the substrate plane.”> The yellow
planes in Figure 1b and c visualize the molecular arrangement
within the (110) and (011) planes, which have been observed
previously for the two SQIB polymorphs spin-casted on
nontemplating glass to be parallel to the surface. Here, the
polymorph formation is controlled by thermal postannealing of
the samples as discussed earlier.”**

In other work, also the choice of solvent and amorphous
interfacial coatings on the substrates have been found, in
addition to annealing temperature, to be influential on the
polymorph formation but without changing the out-of-plane
orientation.”* Those results have been obtained for spin-
casting of blended solutions containing a soluble fullerene
acceptor such as PCBM, which does not alter the
crystallization propensity and crystallographic orientation.
This is consistent with our results for spin-casting PCBM-
blended solutions on substrates with amorphous coatings such
as MoO,;**”” and PEDOT:PSS”’ typically used as interfacial
layers in photovoltaic devices. Subsequent thermal annealing at
180 °C of a SQIB:PCBM blend with a 1:1 ratio by weight spin-
casted on Indium Tin Oxide (ITO) results in concomitant
polymorphs but favors the orthorhombic one.***' Detailed
inspections by AFM and TEM cross-section imaging revealed
the formation of a bilayer structure.’’ A phase separation
happens during annealing, and the PCBM sinks to the bottom
and leaves characteristic elongated holes behind in the
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orthorhombic platelets forming on top. See also Table 1 for
an overview of previously obtained results.

SQIB is one among the rare examples of donor-type
semiconductors that can equifeasible be deposited from
solution and by thermal vapor deposition. Also, codeposition
with a fullerene acceptor such as Cq and C,, is possible;
thereby, the study of photovoltaic device performance
comparing solution and vacuum-processed bulk-heterojunc-
tions was demonstrated.”® For both processing strategies, the
amorphous SQIB phase was favored using low thermal
postannealing temperatures and substrate temperatures during
vapor deposition of the nontemplating MoO; and PE-
DOT:PSS interfacial layers.

In this work, the focus is on polymorph selection, (out-of-
plane) orientation and (in-plane) alignment control via
templating of vapor-deposited SQIB. To achieve a more
complete understanding of the diverse growth and structure
formation of SQIB films, we have expanded previous work to
allow a meaningful comparison. For this purpose, SQIB films
have been deposited via organic molecular beam deposition
(OMBD) on various dielectric and conductive substrates at
elevated temperatures: silicon dioxide, potassium chloride,
graphene, and gold showing weak, intermediate, and strong
molecule—substrate interactions, respectively. Thereby, we
show that vapor phase heterogeneous nucleation on different
substrates (templating) allows polymorph selection including a
postannealing-resistant amorphous isotropic thin film phase.
By contrast, solution-processed SQIB films are initially
amorphous and isotropic but allow a temperature-controlled
polymorph selection by a postdeposition thermal annealing
procedure. Crystallization happens on a seconds to minutes
time-scale suitable for microscopic in situ monitoring. As
intramolecular interactions exceed the molecule—substrate
interactions for all growth substrates, the same film
orientations occur for the two polymorphs formed in the
annealed and vapor-deposited films, while the in-plane
alignment is to some extent templated by the substrate.

https://doi.org/10.1021/acs.langmuir.2c01023
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Table 1. Summary of Polymorph Selection by Templating of Vapor-Deposited SQIB Thin Films (This Work) and by
Postannealing of Solution-Processed Thin Films (Previous Works)”

processing substrate temperature polymorph orientation
OMBD this work substrate
| SiO, 100°C amorphous isotropic
Au(111) 100°C P2,/c (011)
KCl1 100-120°C | P2y/c + Pben | (011) + (110)
- ."..wzam“n graphene 100°C Pben (110)
processing substrate temperature polymorph orientation
spincasting previous work postannealing
glass?®3 none amorphous isotropic
glass33 90°C P2,/c (011)
glass 33 120°C P2, /c+ Pben | (011) + (110)
glass3341 180°C Pben (110)
Mo0,,2%?" PEDOT:PSS?” 60°C amorphous isotropic
ITO30:3L61 180°C P2y/c+ Pben | (011) + (110)

“All images are optical microscopy images between crossed polarizers except for SQIB on SiO,, which is an AFM image. P2,/c = monoclinic
polymorph, Pbcn = orthorhombic polymorph. Spin-casting SQIB:PCBM blends on MoOj;, PEDOT:PSS, and ITO gives the same results as spin-

casting on glass, which are not shown.

2. RESULTS AND DISCUSSION

SQIB thin films with nominal thicknesses of 30 nm have been
obtained by OMBD on SiO, (silicon wafer with native oxide),
on a (111) gold layer supported by a mica substrate, on a
graphene layer supported by a quartz substrate, and on a
freshly cleaved (001) surface of a KCl single crystal. To
enhance the crystalline order, the substrates have been heated
to 100 °C during deposition, except for KCl, which was also
heated to 120 °C. The deposition rate was 0.1 A/s for all
systems. SQIB is a thermally stable molecule because of the
intermolecular hydrogen bonds from the hydroxy groups at the
anilino ring and the squaric oxygen, so it can be vapor
deposited without decomposition.”>** This is verified by near
edge X-ray absorption fine structure spectroscopy (NEXAFS),
see Figure S2, showing the same characteristic NEXAFS
signature for evaporated films and the raw powder. For
comparison, additional SQIB films are prepared by spin-casting
of chloroform solutions onto glass substrates, and the
temperature-induced crystallization process is monitored in
situ time-resolved by polarized optical microscopy.
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Specular X-ray diffractograms as depicted in Figure 2a allow
one to identify the adopted polymorph and the orientation of
the films grown on various substrates. By contrast, vapor-
deposited SQIB layers on SiO, (black line) as well as
nonannealed, spin-casted SQIB films on glass (not shown in
the graph, see ref 33) are XRD-silent, which indicates the
presence of an amorphous isotropic phase. For the crystalline
films, two diffraction peaks can be identified, one at 26 = 7.6°
corresponding to the (110) plane of the Pbcn phase, and
another one at 20 = 8.1° corresponding to the (011) plane of
the P2,/c phase.”> On Au(111)/muscovite mica (blue line),
(011) oriented films of the monoclinic phase are formed, while
on graphene (red line), the orthorhombic phase with (110)
orientation is clearly prevailing. On KCI(001), both poly-
morphs can be identified, but the monoclinic phase with (011)
orientation is dominating (green lines). Raising the surface
temperature during deposition from 100 °C (dark green line)
to 120 °C (light green line) augments the monoclinic phase
formation, and the overall XRD signal intensity increases.
Therefore, 120 °C is chosen for discussion of the KCI(001)
growth substrate.

https://doi.org/10.1021/acs.langmuir.2c01023
Langmuir 2022, 38, 9266—9277
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Figure 2. (a) Specular X-ray diffractograms are measured with Cu Ka radiation of SQIB on various substrates. Both polymorphs are found: the
orthorhombic Pbcn and the monoclinic P2,/c phase depending on the growth substrate. The calculated positions for the (110) and (011)
reflections are shown as dashed vertical lines. Note that for SQIB films grown on Au(111)/mica, a dominating mica peak at 26 ~ 9° was omitted.
Vapor-deposited SQIB films on SiO, as well as nonannealed, spin-casted films on glass (not shown) are XRD-silent. (b) Absorbance spectra
measured in normal incidence transmission of nonannealed spin-casted (glass) and evaporated (graphene, KCI) SQIB thin films. The gray line is
the absorbance calculated on the basis of the complex refractive index obtained from amorphous, isotropic SQIB films grown on SiO, by
ellipsometry as shown in Figure Sb.
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Figure 3. Polarized optical reflection microscope images (single polarizer) of spin-casted SQIB thin films onto a glass substrate show the formation
of orthorhombic phase platelets (a—f) and monoclinic phase crystallites (g—1) during heating. For the platelets, images have been extracted from
the movie at times (a) 2.4 s, (b) 2.9s, (c) 3.5s, (d) 415, (e) 4.6 s, and (f) 5.2 s after the sample was placed on a hot plate with a surface
temperature of 195 °C. For the monoclinic phase crystallite formation, similar snapshots are taken at the times (g) 4 min, (h) 15 min, (i) 26 min,
(j) 37 min, (k) 49 min, and (1) 60 min after the sample was placed on a hot plate with a surface temperature of 80 °C.

For both realized crystallographic orientations, the molec- interactions on the presently investigated inert substrates.

ular 7-stacking direction ([001] for the orthorhombic Interestingly, we have found that the adopted polymorph can
polymorph, [100] for the monoclinic one) is parallel to the be selected by choice of the substrate, but find only distinct
substrate; see also Figure 1. This is caused by the strong
intermolecular interactions given by the slipped-7-stacking of
the D—A—D backbones. These interactions in the crystalline molecular face-to-face 7-stacking direction to run parallel to

bulk phase of thin films exceed the molecule—substrate the surface.

orientations on all investigated substrates ensuring the

9269 https://doi.org/10.1021/acs.langmuir.2c01023
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Figure 4. (a) Spin-casting of SQIB from chloroform likely gives less densely packed amorphous thin films containing voids due to fast solvent
evaporation. Subsequent thermal annealing at around 90, 120, and 180 °C results in an excessive monoclinic phase, concomitant polymorphs, and
excessive orthorhombic phase formation, respectively. (b) Vapor deposition presumably leads to more densely packed thin films without room for

recrystallization upon postannealing.

In Figure 2b, the unpolarized absorbance spectra (Abs
—log T, T normal incidence transmission) of the two SQIB
polymorphs with their specific orientation as well as an
amorphous, isotropic SQIB film are compared. The
amorphous phase on glass (black line) has a broad absorbance
peaking at 670 nm with a vibronic shoulder around 615 nm.
The latter is in close agreement with the spectrum calculated
(gray line) using the complex refractive index data obtained by
ellipsometry from a film evaporated on SiO,. The (011)-
orientated monoclinic phase found on KCI has a blue-shifted
absorbance with a broad absorption from 530 to 630 nm
(green line). By contrast, the absorbance is red-shifted for the
(110)-oriented films of the orthorhombic polymorph found on
graphene with a well-resolved Davydov splitting of 0.23 eV,
peaking at 652 and 740 nm (red line). Because of such
characteristic differences in the spectral signatures, simple UV/
vis spectroscopy allows one to distinguish conclusively
between the amorphous and the two crystalline SQIB phases.
Polarized spectro-microscopy then allows mapping of samples
containing concomitant polymorphs and also provides
information about the local in-plane orientation. In the
following, the impact of the substrate on the respective
polymorph formation and the alignment is elucidated in more
detail. Initially, a fresh in situ perspective on already known
postannealing polymorph control of solution-processed films is
presented.

2.1. Spin-Coated SQIB on Glass. Spin-casted thin films of
SQIB on bare and indium tin oxide (ITO) coated glass have
already been reported before.’*>*' Chloroform was used as a
rapidly evaporating solvent. Upon subsequent thermal
annealing, depending on the annealing temperature, the two
previously described polymorphs are found to various extents.
Such samples have already been well characterized by XRD
and polarized spectro-microscopy after the annealing step was
finished. Here, for the first time, we monitor in situ the
polymorph formation process during annealing at two
characteristic temperatures. Time-resolved polarized optical
microscopy movies from both crystallization processes are
provided in the Supporting Information as movies S1 and S2.

In Figure 3a—f, a time series of polarized optical micro-
graphs extracted from the movies are shown. Here, the
amorphous SQIB film spin-casted on glass is placed on a hot
plate preheated to a surface temperature of 195 °C. Within
seconds, platelets of the orthorhombic polymorph appear.
When those start touching each other, domain boundaries are
formed. AFM scans across a domain boundary between
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adjacent domains reveal a characteristic gap and allow one to
determine the effective film/platelet thickness of around S0 nm
for this sample; see Figure S3. After less than 10 s, the
amorphous film transforms completely into a (110)-oriented
polycrystalline film.

The extended orthorhombic phase domains are not single
crystalline, but yet they are well suited for polarized sgectro—
microscopy investigation as previously published.’””® For
completeness, such an analysis is shown in Figures S4 and
SS for transmission and reflection. The complete diagonal
dielectric tensor of SQIB could be determined by imaging
ellipsometry, well reproducing the Davydov splitting.*' For
completeness, the complex refractive indices along the three
crystallographic axes are shown in Figure S6.

After a similar sample is placed onto a hot plate with a lower
temperature such as 80 °C, as shown in Figure 3g—], fibrous
crystallite domains of the monoclinic polymorph evolve as
growing from randomly distributed seeds. Note that also here a
few platelets of the orthorhombic phase form. However, the
time scale is much larger than for the formation of the
orthorhombic polymorph in Figure 3a—f. The whole process
lasts several hours until the entire, initially amorphous film is
crystallized.

For intermediate annealing temperatures, both polymorphs
crystallize to various extents on the surface. That way, spin-
casted thin films can be crystallized into the desired polymorph
or into specific ratios of concomitant polymorphs steered by
the postannealing temperature.

This selective recrystallization is at least true for using
chloroform as solvent for casting of the SQIB films. This
rapidly evaporating solvent gives little time for the molecules to
arrange into an equilibrium state.”* ™ In these amorphous
films, voids appear due to evaporated solvents, which allow for
reorganization and thermally activated recrystallization.* Tt is
important to place the spin-casted films on a preheated hot
plate at the specified temperatures to obtain the desired
polymorph; see Figure 4a. By contrast, heating a sample from
room temperature leads to excessive formation of the
monoclinic polymorph (data not shown). Evolution of the
orthorhombic polymorph appears to rely on kinetic control,
that is, instant high temperature and rapid crystallite formation.
Furthermore, transformation of the monoclinic to the
orthorhombic phase by an additional annealing step could
not be seen. These observations give the idea that the
monoclinic polymorph is the thermodynamically stable phase,
which is supported by the density rule. The density rule

https://doi.org/10.1021/acs.langmuir.2c01023
Langmuir 2022, 38, 9266—9277


https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.2c01023/suppl_file/la2c01023_si_002.avi
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.2c01023/suppl_file/la2c01023_si_003.avi
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.2c01023/suppl_file/la2c01023_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.2c01023/suppl_file/la2c01023_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.2c01023/suppl_file/la2c01023_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.2c01023/suppl_file/la2c01023_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c01023?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c01023?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c01023?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c01023?fig=fig4&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.2c01023?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Langmuir

pubs.acs.org/Langmuir

1.50 nm

1.20

0.80

0.40

25 ¢

Complex Refractive Index

(b)

600 700 800 900

Wavelength (nm)

500

400

1000

Figure S. (a) AFM image and (b) real and imaginary parts of the complex index of refraction, N = n + ik, determined by variable angle
spectroscopic ellipsometry of a SQIB film vapor deposited on SiO, (Si-wafer covered with native oxide) at 100 °C substrate temperature.
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Figure 6. (a) AFM image of SQIB on Au(111), nominal thickness of 30 nm. A corresponding optical microscope image (reflection, crossed
polarizers indicated by horizontal and vertical white line) (b) provides a large-scale impression.

predicts that for van-der-Waals dominated polymorphs, the
higher density polymorph is thermodynamically more
stable.'”!73%%% The calculated densities are Ppyye = 1245 g/

cm® and ppy, = 1.240 g/cm? which give an approximately
0.5% higher density for the monoclinic polymorph. This
suggests that for SQIB the monoclinic phase is the
thermodynamically more stable one.

Furthermore, the size of the crystalline domains is regulated
by the (random) occurrence of crystallization seeds, such as
colloidal aggregates within the solution or dust particles.*”
Also, spin-coating parameters affect the domain size in case of
the formation of orthorhombic polymorph platelets: the higher
is the acceleration, the larger the domains tend to be.*!
However, the preferred crystalline orientation always remains
the same for each polymorph driven by intermolecular
interactions.

2.2. OMBD of SQIB on SiO,. For the vacuum deposition
of SQIB on a Si-wafer with 2 nm native oxide at 100 °C, the X-
ray diffractogram is featureless, which indicates that an
amorphous thin film is formed, Figure 2b. Atomic force
microscopy, Figure Sa, reveals that the film with a nominal
thickness of 30 nm as derived from the quartz microbalance is
very smooth with a rms roughness of 0.3 nm. Therefore, X-ray
reflectivity (XRR) scans show well-resolved Kiessig fringes at
small scattering angles, see Figure S1, which confirms the low
surface roughness inferred by AFM. From such a smooth and
extended thin SQIB film, the complex refractive index N = n +
ik could easily be determined by standard spectroscopic
ellipsometry confirming its isotropic nature, Figure Sb. Two
samples with different layer thicknesses have been fitted
simultaneously for improved reliability of the fit."® For the
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sample shown in Figure S5a, ellipsometry determines the
thickness to be 25 nm. A comparison between measured and
calculated reflection spectra using OpenFilters* for various
angles of incidence shows a good agreement; see Figure S8.
Likewise, the absorbance of nonannealed spin-coated SQIB
films on glass is reproduced satisfactorily, Figure 2b.
Interestingly, a thin SQIB film vapor deposited onto a silicon
dioxide substrate has been reported by others to have a slight
out-of-plane anisotropy.”® This hints to a dependence on
processing parameters such as substrate temperature and
deposition rate on the film formation. However, in both cases,
the maximum of the extinction coeflicient k, which quantifies
the absorption capability, is easily exceeding 1, that is,
exceeding 200000 cm™" at around 670 nm. This is a large
value for amorphous organic semiconductor thin films. With
that, such amorphous SQIB thin films are among the top
candidates for light-harvesting organic photovoltaic materi-
als.>’ Even though all extinction coefficient values of the
anisotropic tensor of the crystalline orthorhombic phase SQIB
are larger by a factor of roughly 3,"' see above and Figure S6,
the amorphous, isotropic phase is favored for macroscopic
light-harvesting device application. This is due to the absence
of polarization-dependent absorbance as well as domain
boundaries as barriers for charge carriers.”> Nevertheless,
local anisotropy can be beneficial for microscopic applications
such as photovoltaic stimulation of living cells.’”"'

Most remarkably, the vapor-deposited SQIB films on silicon
are very stable in their amorphous isotropic phase in the
present study. Neither growth at elevated substrate temper-
atures (here 100 °C) nor postdeposition annealing of the
sample induces a notable crystallization. This is distinctly
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Figure 7. Polarized reflection microscopy images (single horizontal polarizer indicated by a white horizontal line) of SQIB evaporated onto
KCI(001) at a substrate temperature of 120 °C, forming crystallites of the monoclinic phase (a) and fibers of the orthorhombic phase (d). AFM
images of crystallites and fibers, (b) and (e), respectively. Corresponding polarized absorbance spectra, (c) and (f), demonstrate that the aggregates
are constituted of different polymorphs. The dashed vertical lines mark the spectral positions of the maxima for spin-casted SQIB films on glass. For
the spectra, the sample has been rotated over 60 and 90°, respectively, in steps of 15°. The red circles in the microscope images mark the position,
where the absorbance spectra have been taken. The UDC and LDC directions are depicted in the microscope images by blue and green arrows,

respectively.

different for spin-coated films prepared at ambient temper-
atures on glass as discussed above. There, rapid evaporation of
the chloroform solvent used for spin-casting is suspected to
create less densely packed films leaving voids for subsequent
thermally activated molecular reorganization.**”* Here, in
case of vapor deposition, the molecules are mobile on the
substrate at elevated temperature and have more time to
arrange into more densely packed solid films leaving no room
for reorganization; see Figure 4b. Typically, vapor-deposited
small molecular thin films are found to have a higher density
and consequently are more heat-resisting (remaining in the
initially formed phase) than are their solution-processed
counterparts.53

2.3. OMBD of SQIB on Au(111)/Mica. Next, the vacuum
deposition of a nominally 30 nm thick SQIB layer on the
metallic substrate Au(111)/mica is investigated. Here, a film of
the monoclinic phase with the (011) orientation is formed as
deduced from XRD, Figure 2a. This means that molecular face-
to-face 7-stacking parallel to the surface is also favored on a
metallic surface, which is typically strongly interacting with
organic molecules. However, it has been found for the
prototypical compound pentacene that it is actually a challenge
to grow edge-on stacks on metallic surfaces, because after a few
monolayers the molecules tend to relax into phases with
upright standing molecules.”*> Indeed, a submonolayer
coverage of SQIB on silver surfaces showed the formation of
a face-on wetting layer.’® In Figure 6a and b, an AFM image as
well as a reflection microscopy image using crossed polarizers
are shown. The large height of the fibrous elongated
crystallites, about 10 times higher than the nominal film
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thickness, hints to dewetting. The colorful impression of the
fibrous crystallites demonstrates the polycrystalline nature with
small domain sizes similar to the annealing-induced monoclinic
phase on glass substrates. While on glass the fibrous crystallites
tend to grow away from a crystallization seed resulting in a
dense, flower-like morphology, here separated elongated
fibrous aggregates are formed. Similar to the glass sample,
also for the monoclinic phase on gold the crystalline domain
size is too small to be analyzed by the polarized spectro-
microscopy setup. Within this survey, only on KCI(001) does
the monoclinic SQIB phase grow into large enough domains
suitable for further optical analysis as discussed in the
following.

2.4. OMBD of SQIB on KCI(001). For the thermal
deposition of SQIB on freshly cleaved and annealed KCI(001)
at an elevated substrate temperature of 120 °C, X-ray
diffraction in Figure 2b hints to an excessive formation of
the (011)-oriented monoclinic polymorph with minor regions
of the (110)-oriented orthorhombic phase. The increased
temperature (instead of 100 °C) has been chosen in case of
KCl because the selective polymorph formation is more
pronounced, and the crystallite size is larger allowing better
inspection by polarized spectro-microscopy; see Figure S9.
The morphology, however, is quite different from that of the
previously described systems. Optical microscopy and AFM,
Figure 7a,b and also Figures S10 and S11, show the
predominant existence of elongated crystallites with a flat
surface, but also spaghetti-like fibers appear, Figure 7d,e. An
assignment of the polymorphic phase can safely be done by
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Figure 8. (a) Polarized absorbance spectra of a single SQIB domain, grown on graphene on quartz. The polarizer angle has been rotated by 90°
between the two measurements. The positions of the two maxima agree well with the case of SQIB platelets on glass, dashed vertical lines. Both (b)
polarized optical reflection microscopy (crossed polarizers, polarizer positions indicated by white cross) as well as the AFM micrograph (c) of
platelets on graphene reveal an appearance similar to that for orthorhombic phase platelets on glass; see Figure S4.

polarized spectro-microscopy due to its spatially resolving
nature.

The flat crystallites appear green to yellow imaged between
crossed polarizers with the color impression depending on the
orientation of the crystallites. Polarized absorbance spectra as
shown in Figure 7¢ confirm that the crystallites consist of the
monoclinic polymorph. Here, two individual peaks are clearly
resolved, while unpolarized absorbance measurements show a
broad absorbance band with a flat plateau, Figure 2b. The
Davydov splitting energy of the monoclinic phase on KCI
amounts to 0.37 eV, which is larger as compared to the
monoclinic phase formed by postannealing on glass substrates
being 0.28 eV: UDC at 529 nm (540 nm on glass) and LDC at
629 nm (615 nm on glass). The angle A between polarizer
orientations for the maxima of the UDC and LDC for the
monoclinic polymorph is around 60 + 6° Figure Sllc,
whereas for the orthorhombic polymorph the angle is A = 90°,
Figure S4. This value comes close to the expected angle of 56°
for the case of the monoclinic phase.”

To a minor extent also spaghetti-like fibers are present,
Figure 7d. These fibers can clearly be identified to consist of
the orthorhombic polymorph by their absorbance spectrum,
Figure 7f. As compared to the platelet spectra on glass, Figure
S4d, the peaks are broader but have a slightly smaller Davydov
splitting energy of 0.2 eV: UDC at 662 nm (645 nm on glass)
and LDC at 743 nm (743 nm on glass). The peak broadening
might be related to the fact that not a single fiber is measured
but the absorbance is averaged over several fibers not fully
parallel aligned within the field of view. The polarization angle
difference A between maxima of the UDC and LDC for the
fibers amounts to 90 + 3°, that is in full agreement with the
polarization behavior predicted by the molecular exciton
theory,” which has already been confirmed for the (110)-
oriented orthorhombic polymorph platelets on glass, Figure
§5.°**" Here, the extended fiber-like shape on KCI(001)
instead of the platelet shape suggests an epitaxial alignment of
the orthorhombic phase with one of the KCI high symmetry
directions during the growth process. That means, while the
orientation still is dictated by the intermolecular interactions,
the alignment is to some extent controlled by a templating
effect of the KCI(001) substrate.

Because of the microsized crystalline texture of the
discontinuous thin film, the direction of maximum reflectivity
or minimum absorbance can be correlated with the crystallite/
fiber orientations.”” Polarization analysis plots and histograms
are shown in Figure S12 for the maximum reflectivity at 4 =
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650 + S nm, selected by an interference filter inserted into the
microscope. This probes both the LDC of the monoclinic
phase crystallites and the UDC of the orthorhombic phase
spaghetti-like fibers. The direction of UDC for the monoclinic
phase crystallites and that of LDC for the orthorhombic phase
fibers have been extracted from the local polarized trans-
mission spectra, Figure S11. For the monoclinic phase
crystallite, the UDC is found to be polarized along the long
crystallite axis as indicated by the blue arrows in Figure 7a,b.
From the correlation of the LDC direction with the long
crystal axis, Figure S12b, a specific mean value of polarization
direction for maximum reflectivity relative to the long
crystallite direction of |l = 58 + 4° is obtained. The direction
of the LDC is depicted by green arrows in Figure 7a,b. This is
consistent with analysis of the spatially resolved polarized
absorbance spectra, Figure S11. For the orthorhombic phase
spaghetti-like fibers, the UDC is likewise polarized along the
long fiber axis as indicated by blue arrows in Figure 7d,e. The
green arrows depict the direction of the LDC, being rotated by
90° and therefore oriented along the short fiber axis.

2.5. OMBD of SQIB on Graphene/Quartz. For a
nominally 30 nm thick OMBD grown film on graphene/
quartz, deposited at a substrate temperature of 100 °C, (110)-
oriented films of the orthorhombic phase form exclusively.
While strong molecule—substrate interactions on metallic
surfaces have been inferior to induce edge-on orientation in
the case of pentacene,™ graphene and graphite offering
intermediate molecule—substrate interactions emerged as
templating substrates of choice to obtain edge-on oriented
phases of phthalocyanines and pentacene.”®” However, in
case of SQIB, again the intermolecular interactions are
decisive, and the typical (110)-orientation of the orthorhombic
phase is expressed. The polarized absorbance spectra in Figure
8a show that the two absorbance bands visible in the
unpolarized spectra, see Figure 2b, red curve, are polarized
mutually perpendicular within the plane of the thin film. The
complete polarization analysis is shown in Figure S13 and
confirms that the optical absorbance properties are very similar
to the orthorhombic phase platelets on glass, Figure S4. Just
the peak maxima vary slightly: the UDC peaks at 652 nm (645
nm glass sample) and the LDC at 740 nm (737 nm glass
sample) giving a Davydov splitting energy of 0.23 eV (0.24 eV
glass sample). Also, the morphology determined by polarized
optical microscopy as well as by AFM, see Figure 8b and ¢, is
similar. Here, the domain size, however, is much smaller,
dictated by the domain size of the graphene substrate. The
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uniformness of the optical image within these domains also
suggests an epitaxial alignment, that is, a weak templating effect
of the graphene substrate. This means that the platelets on
graphene are rather single crystalline, mutually rotated
domains.”” Platelets on nontemplating glass substrates can
show a gradual rotation of the in-plane orientation within a
single domain.”>*' This is evident from the gradual contrast
change within a platelet image through a single polarizer,
Figure 3d—f, or crossed polarizers, Figure S4b.

3. CONCLUSION

The anilino squaraine with iso-butyl terminal functionalization
(SQIB) is a prototypical donor-type molecular semiconductor
suitable for photovoltaic applications that can equifeasible be
deposited by spin-casting and by thermal vapor deposition.
The two known polymorphs of SQIB, a monoclinic and an
orthorhombic phase, can be selected by heterogeneous
nucleation from the gas phase (templating) on dielectric and
conductive surfaces, such as silicon dioxide, potassium
chloride, graphene, and gold, and by the postannealing
temperature of solution-processed thin films; see the summary
in Table 1. The rapid evaporation of the solvent is suspected to
result in a metastable, less-densely packed molecular arrange-
ment, leaving room for thermal activation of molecular
reorganization. This is especially interesting for applications
that desire a controlled crystalline microscopic patterning. For
the vacuum-deposited thin films at a specific deposition
temperature, the polymorph is templated by the growth
substrate. For a nontemplating substrate, here a native-SiO,-
coated wafer, a stable amorphous and isotropic phase is formed
that cannot be recrystallized by subsequent thermal treatment.
This is likely due to higher mobility of the adsorbed molecules
on the growth substrate at elevated temperature allowing for a
densely packed arrangement. Because the amorphous phase is
favored for light-harvesting applications, which need to tolerate
elevated device operation temperatures, vapor deposition
appears to be the preferred processing technique. The three
phases of SQIB (amorphous, monoclinic, and orthorhombic)
can easily be distinguished by their absorbance spectra showing
Frenkel excitonic signatures and their birefringent appearance.
The pronounced molecular interactions, characteristic for
squaraine compounds due to their D—A—D backbone, are
dominating in the bulk phase of both polymorphs. Therefore,
the same orientation is obtained for each polymorph on every
substrate, so that the molecular stacking direction always runs
parallel to the surface. While with that the out-of-plane
orientation is fixed, the morphology and in-plane arrangement
can to some extent be controlled by epitaxial alignment.

4. MATERIALS AND METHODS

4.1. Sample Preparation. 2,4-Bis[4-(N,N-diisobutylamino)-2,6-
dihydroxyphenyl]squaraine (SQIB) has been synthesized following
our previously published procedure.®" Tt crystallizes into two different
polymorphs: single-crystal structures of the monoclinic P2,/c (CCDC
code 1567209) and of the orthorhombic Pbcn phases (CCDC code
1567104) have been published earlier.”> For deposition via spin-
coating, a S mg/mL solution of SQIB in chloroform (Sigma-Aldrich,
stabilized with amylene) was prepared. The solution was spin-casted
in inert atmosphere at 3000 rpm, ramping 3, for 60 s (SUSS
MicroTec LabSpin). This was followed by annealing on a preheated
hot plate at the indicated surface temperatures for minutes to hours
(IKA yellow line). The surface temperature was validated by a
thermocouple contact thermometer.
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In a vacuum (base pressure p = 1 X 1077 mbar), samples are
prepared by organic molecular beam deposition (OMBD) at a
deposition rate of 0.1 A/s. For this, the crucible is heated to 260 °C. A
substrate temperature of 100 °C has been chosen for SiO,, graphene/
quartz, and Au(111)/mica, but for KCl substrate the temperature was
raised to 120 °C. Likewise, the same nominal thickness of 30 nm was
also deposited for the sake of comparability. Note that the nominal
thickness refers to the integrated signal of a quartz microbalance and
the local true film thickness on the sample can deviate, especially for
textured thin films.

4.2. In Situ Optical Characterization. Temperature-resolved
optical microscopy was performed using an optical microscope in
reflection geometry in combination with a heatable sample holder.
The temperature was controlled using a K-type thermocouple that
was placed directly next to the sample.

4.3. X-ray Diffraction. X-ray diffraction (XRD) on thin films was
performed in Bragg—Brentano geometry with an automatic
divergence slit. A PANalytical XPertPro MPD diffractometer using
Cu Ka radiation (1 = 1.541 A) was used, with the tube set to 40 kV
and 40 mA with a 10 mm beam mask. Samples were rotated in a
sample spinner during measurement to eliminate possible effects from
preferential in-plane orientation. In addition, a Bruker D8 Discovery
diffractometer using Cu Ka radiation was used.

4.4. Scanning Probe Microscopy. Morphological character-
ization took place by atomic force microscopy (AFM, JPK
Nanowizard). Typically, intermittent contact images were taken
with BudgetSensors Tap300-G tips with a force constant of 40 N/m, a
resonance frequency 300 kHz, and a tip radius smaller than 10 nm.
The AFM was situated on an inverted optical microscope (Nikon
Eclipse TE 300) to allow simultaneous optical and morphological
characterization. In addition, an Agilent SPM 5500 system was used
operated in tapping mode with MikroMasch cantilevers, a resonance
frequency of 325 kHz, and a spring constant of 40 N/m. Samples
were imaged under ambient conditions. Gwyddion® as well as the
software provided by the AFM manufacturers have been used for
image analysis.

4.5. Ellipsometry. The complex refractive index of isotropic films
has been determined by variable angle spectroscopic ellipsometry
utilizing a J.A. Woollam rotating analyzer ellipsometer (VASE) with
vertical sample stage. Standard ellipsometric data in reflection as well
as p-polarized reflection have been recorded with WVASE32 software.
Parameters: AOI = 15°, 35°, 55°, AutoSlit = 1 mm, wavelength steps
= S nm, wavelength range = 350—1700 nm. The ellipsometric data
were converted to CompleteEASE (CE) format and analyzed with CE
version 6 using Multi Sample Analysis to fit samples with various layer
thicknesses simultaneously for decoupling of fit parameters.*® Here,
two samples of 25 and 48 nm thickness have been analyzed. The layer
thickness was determined within the transparent spectral range from
900 to 1700 nm by a Cauchy model. This was then converted to a
model free, Kramers—Kronig-consistent isotropic B-spline fit and
extended over the full spectral range with 0.1 eV resolution (except
660—720 nm with 0.05 eV resolution).

For the Si substrate with native oxide, the database complex
refractive index “SI_JAW” fits well, and the native oxide layer was
determined to be 2.02 nm thick using the “NTVE_JAW” database
complex refractive index.

4.6. Polarized Optical Characterization. For the basic polarized
optical characterization, a polarization microscope (Leitz DMRME)
was used. The projected orientations of the upper and lower Davydov
components within the thin films were determined by polarized
reflection and transmission microscopy. Illumination took place either
by linear polarized white light or by quasi-monochromatic light,
selected by bandpass filters (Thorlabs FKB-VIS-10 and VEB Carl
Zeiss Jena) with a fwhm of 10 and 7.5 nm, respectively. To determine,
spatially resolved, the LDC and UDC directions, the sample was
rotated in steps of 5° over 360° by a computer-controlled rotation
stage. For each angle, a microscope image was taken. The series of
images was analyzed in ImageJ®® by a discrete Fourier transform.>”%*
From the intensity variation I'” of the pixel at position (x,y), the angle
d)lpol(x,y) for the largest reflectivity or transmission is calculated. To
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correlate the polarization angle d)lpol(x,y) with the crystallite or fiber
directions, their local orientation 6,.,(x, y) at position (xy) is
determined with the help of the structure tensor.””®® From this, the
angle of maximum reflectivity at a certain wavelength with respect to
the long crystallite direction, f = @15 — Ourieny i determined.
Spatially resolved, polarized transmission and reflection spectra were
measured in a similar way with a fiber-optics miniature spectrometer
(Ocean Optics Maya2000), coupled via a 200 gm diameter fiber to
the camera port of the microscope.
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