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ABSTRACT: Many organic semiconductors (OSCs) feature strong optical anisotropy that
can be exploited to increase the efficiency of optoelectronic devices. We demonstrate that for
the technologically relevant, rod-like OSCs diindenoperylene (DIP), pentacene (PEN), and
a-sexithiophene (6T) deposited on silicon oxide surfaces it is possible to prepare
polycrystalline thin films in which the long molecular axis is oriented parallel to the substrate
plane in a template-free fashion. In films grown by organic molecular beam deposition at
room temperature or higher, the molecules are oriented upright standing (o-orientation).
Instead, the here-presented growth at low temperatures followed by slow annealing up to a
temperature near molecular desorption has the effect of “freezing” the molecules with their
long axis oriented parallel to the substrate plane (4-orientation) while conferring them
crystalline long-range order. We discuss the huge impact on the optical anisotropy of the
films observed as a consequence of the orientation transition. Finally, we propose a
mechanism for explaining the achieved A-orientation, which is stable under environmental
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he efficiency of optoelectronic devices based on thin

layers of organic semiconductors' (OSCs) can be
substantially improved by controlling thin film structure and
molecular orientation. Although this has been achieved for
polymers to some extent,” their high molecular weight and
inherent high number of degrees of freedom render the self-
assembly processes highly dependent on the preparation
method. Employing small-molecule OSCs allows superior
control over thin film structure due to the reduced degrees of
freedom of the molecular components. Additionally, the use of
organic molecular beam deposition* (OMBD) allows one to
rule out solvent effects on intermolecular interactions and
structure-formation processes compared to deposition from
solution.

Employing OMBD to grow thin films of OSCs” ™" allows the
use of several strategies to affect the growth itself. For instance,
illumination with polarized monochromatic light during the
growth of the OSC tetracene has been recently shown to
induce a biaxially anisotropic alignment of the crystalline
domains.” More common approaches that have been explored
to some extent include changes of the growth rate’”'' and
substrate temperature,' " interrupted growth,"* and combi-
nations of them." In all cases, the relevant parameters are
manipulated during the growth processes.

Various strategies for post-growth manipulation of poly-
crystalline films of OSCs have also been exploited. For
instance, solvent—vapor annealing can promote further film
crystallization and improve the performance of optoelectronic
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components.'”'” The effects on thin film morphology can be

quite dramatic, with strong dewetting of the material on the
substrate surface and a possible change of the average
molecular orientation.'”™*” Thermal annealing, in turn, can
be conveniently carried out in situ on as-grown films in order
to improve their degree of crystallinity in the direction
perpendicular to the substrate surface.””*' However, the
overall effect of possible structural reorganizations on charge
transport properties depends critically on temperature and
duration of the thermal annealing treatment.””** Interestingly,
post-growth thermal annealing can also induce crystallization
of amorphous layers of OSCs.** This suggests that if the
molecules exhibit a preferred orientation already in a poorly
ordered film providing thermal energy to the system can
promote crystallization and turn the solid into a polycrystalline,
uniaxially ordered film in which the molecular orientation is
inherited from the disordered material.

It is important to stress here the role of molecule—molecule
and molecule—substrate interactions responsible for crystal-
lization processes during the growth of thin films of OSCs. For
a given material, such interactions render substrate-independ-
ent control of molecular orientation in crystalline films very
difficult. Indeed, apart from possible reorientation effects,”**°
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Figure 1. (a,c) Ex situ X-ray diffraction patterns measured in grazing-incidence geometry for uniaxially oriented, polycrystalline DIP films in (a) o-
and (c) A-orientation, both on a native Si oxide substrate. The expected positions of the Bragg peaks were simulated using the unit cell of the 423 K
polymorph of DIP from ref 32, which corresponds to its thin film phase. The Miller indices of the strongest Bragg peaks are shown, with the circles
having a diameter proportional to the expected intensity. The insets illustrate the different orientations of the DIP unit cell and the contact plane
with the substrate used to reproduce the measured diffraction patterns. (b,d) Extinction coefficient obtained using VASE on the same DIP films as
those in (a) and (c). Sketches illustrating the overall orientation of the molecules and of the TDM are shown.

the crystal packing of the initial nuclei determines to a large
extent the structure and molecular orientation of the
subsequent layers. Our approach consists of frustrating the
effectiveness of strong intermolecular interactions by suppress-
ing the growth dynamics.

The possibility to use annealing to turn a disordered into a
polycrystalline solid exhibiting a molecular orientation “locked”
in the as-grown film has obviously important consequences on
its optical properties. Indeed, due to the typically strong
intrinsic anisotropy of molecular semiconductors, the efficiency
of light absorption along a given direction as well as the
emission depends on the orientation of the absorber/
emitter.”””® For uniaxially ordered thin films of small
molecules, this has the obvious consequence that spatial
decomposition of the extinction coefficient, k, in the directions
parallel (k) and perpendicular (k,) to the substrate plane
shows pronounced anisotropy. This was illustrated for
polycrystalline thin films of the molecular semiconductor
diindenoperylene (DIP) exhibiting an upright standing
orientation (o-orientation): the HOMO—-LUMO transition
dipole moment (TDM) of DIP is oriented parallel to the long
molecular axis; therefore, the in-plane absorption is much
lower than the out-of-plane absorption.””

In the present work, we deposited thin films of three rod-
shaped OSCs: DIP, pentacene (PEN), and a-sexithiophene
(6T). For each material, deposition was carried out
simultaneously on native and 121 nm thermally grown Si
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oxide wafers employing a portable vacuum chamber,” which
allows control of the sample holder temperature by liquid N,
cooling as well as resistive heating. For all three materials, the
substrates were cooled down to 123 K and their temperature
(Typ) was kept at 123 K during the deposition. The base
pressure before starting the cooling was § X 107 mbar. The
growth rate was around 0.3 nm/min for a total film thickness
set to 20 nm on the thickness monitor. After growth, all films
were annealed at a rate of ~2 K/min up to temperatures
compatible with their thermal stability, namely, 413 K for DIP,
353 K for PEN, and 393 K for 6T. The final temperature was
then kept for ~90 min. For all three materials, we carried out
ex situ X-ray scattering experiments. For DIP, the experiments
were also carried out in situ. In the following, we first focus on
the results obtained for DIP. Subsequently, we summarize the
results for PEN and 6T, highlighting similarities and
differences with DIP.

X-ray diffraction patterns measured in situ in grazing-
incidence geometry for a DIP film right after film deposition
on native Si oxide at Ty, = 123 K are reported in the
Supporting Information (SI). They show a diffraction feature
from weakly ordered DIP domains, corresponding to
molecules exhibiting their long axis roughly parallel to the
substrate plane (A-orientation). Therefore, even at this low
temperature (LT), some nuclei with short-range order are
formed having a lateral coherent grain size of ~4.5 nm, which
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Figure 2. Ex situ X-ray diffraction patterns and extinction coefficient for PEN (a,b,e,f) and 6T (c,d,gh) films in standing-up (o) and lying-down (4)
molecular orientations, respectively. The symbols and Miller indices overlaid on the PEN and 6T diffraction patterns belong to the PEN substrate-
induced polymorph (ref 35) and to the 6T low-temperature bulk polymorph (ref 36), respectively. The sketches reported for the k data summarize

the thin film optical properties, as detailed in the text.

corresponds approximately to the length of three molecules in
A-orientation.

X-ray scattering and variable angle spectroscopic ellipsom-
etry (VASE) experiments were further carried out ex situ. A
DIP film grown at RT was compared with a film grown at LT
(123 K). Both samples were annealed up to 413 K and then
cooled down to RT. The X-ray diffraction pattern measured ex
situ for the film grown at RT is shown in Figure la, and it is
compared with the corresponding data for the film grown at
123 K (Figure 1c). The X-ray diffraction pattern of the RT film
matches the well-known thin film phase with molecules
standing nearly upright.12 The weak diffraction ring at Qy,
0.375 A™' stems from some DIP domains exhibiting a nearly
random orientation.”" Correspondingly, k, > k,, in the visible
range up to 3 eV (Figure 1b).

The situation is very different in the case of the LT film.
Here, the DIP unit cell is tilted by 90° around the
crystallographic a-axis with the (020) plane parallel to the
substrate (Figure 1c). The long molecular axis is then also
parallel to the substrate plane, and the molecules exhibit a
tilted edge-on configuration (inset Figure lc). From the
position of the strong Bragg reflection at Q=0 A™" and Q, ~
1.5 A7, it is evident that the (020) plane is parallel to the
substrate. Note that there is no trace of the o-orientation of
DIP in the diffraction pattern.

The appearance of the two truncation rods (1k0) and (1k1)
at Q = 0.88 and 0.97 A™' for the LT film in Figure lc is an
indication of the overall high coherence length of the
crystallites in the direction perpendicular to the substrate. A
broader distribution of crystallite orientations for the film
grown at RT is evident by the comparably broader Bragg
peaks, i.e,, the LT film exhibits a higher mosaicity than the RT
film. The mosaicity calculated from the Bragg peaks belonging
to the (1k1) truncation rod is +7° (see the SI). Remarkably,
the presence of the (00!) series of sharp Bragg peaks along Q
at Q, = 0 A" indicates a high coherence of the crystallites in
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the direction parallel to the substrate surface, with a coherent
grain size of ~50 nm estimated from the width of the (001)
peak (see the SI).

In agreement with the molecular tilt, the in-plane absorption
of DIP in A-orientation is much stronger than the out-of-plane
absorption, i, k,, > k, (Figure 1d). The long-range order of
the DIP crystallites in A-orientation is further supported by the
VASE data in Figure 1d. Indeed, the highest-energy mode at
around 2.8 eV has been assigned to the combination of
localized as well as delocalized excitations, and its intensity
relative to the other transitions indicates intermolecular
interactions in structurally ordered aggregates.”””’

We have shown that vacuum deposition of DIP films lacking
long-range order followed by thermal annealing to induce
crystallization is an efficient method to obtain a molecular A-
orientation in the polycrystalline films. Selecting the
orientation of DIP between ¢ and A consequently allows the
thin film optical absorption to be inverted between the in-plane
and out-of-plane directions, respectively (Figure 1b,d). The
use of small-molecule OSCs as light harvesters in solar cells
calls for maximization of the absorption in the direction
parallel to the bottom/top contacting substrates, where often
indium tin oxide (ITO)** or other transparent conductive
oxides are used as electrodes. Similar requirements for the
orientation of molecular emitters apply to organic light-
emitting diodes (OLEDs). To demonstrate that the above-
presented growth scheme allows for the fabrication of thin
films with molecular A-orientation for other technologically
relevant OSCs than DIP, we present results also on PEN and
6T.

In Figure 2, the diffraction pattern of a PEN film in o-
orientation (Figure 2a) differs strongly from that of a PEN film
in A-orientation obtained with the growth procedure illustrated
above (Figure 2b). Nearly perpendicular orientations of the
unit cell of the substrate-induced polymorph of PEN>® have
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been used to index the observed diffraction features, as detailed
in the SL

The HOMO—-LUMO TDM of PEN is parallel to the short
molecular axis; therefore, k,, > k, in thin films of PEN in o-
orientation (Figure 2e and ref 37). For the PEN film in A-
orientation, k,, and k_ have similar strength. Interestingly, one
observes that the low-energy (LE) Davydov component of the
fundamental HOMO—LUMO transition®® at ~1.88 eV is
oriented mostly in-plane, whereas the high-energy (HE)
Davydov component at ~1.99 eV is oriented mostly out-of-
plane (Figure 2f). The spatial decomposition of the Davydov
components has already been observed in PEN single
crystals,”” and in our polycrystalline film, it is a direct
consequence of the particular orientation of the herringbone
stacking relative to the substrate.

We obtained similar results for 6T. The unit cell of the low-
temperature (low-T') bulk polymorph of 6T is rotated by 90°
around the c-axis for the two prepared samples (Figure 2¢,d).
Notice in particular the (h00) series of sharp in-plane Bragg
reflections for the A-orientation, which denotes well-defined
stacking of the 6T molecules in the direction parallel to the
substrate. However, the mosaicity is higher compared to that of
DIP and PEN in A-orientation.

Quantification of the anisotropy of the optical properties by
VASE for these 6T films is difficult due to the pronounced
island-like morphology, which generates a strong scattering
background (see the SI). The data reported in Figure 2gh
represents nevertheless a qualitative estimation of the optical
anisotropy. Because the HOMO-LUMO TDM of 6T is
parallel to the long molecular axis, k, is larger than k,, for the
6T film in c-orientation*’ and vice versa for the 6T film in o-
orientation. However, the optical anisotropy for the 6T film in
A-orientation is weaker than that for DIP in A-orientation,
which we ascribe to the higher mosaicity in 6T.

We note that a A-orientation of molecular OSCs in
crystalline films has already been observed in the literature
for other material—substrate combinations.”*'>® Specifically
for DIP, some in situ investigations have shown that by
deposition via OMBD on amorphous Si oxide at T < 300 K it
is possible to obtain crystalline domains with A-orienta-
tion,">*"*7** although a coexistence with crystalline domains
in o-orientation was always observed. For PEN grown on Si
oxide at T,, = 210 K, a recent work™ demonstrates the
growth of thin films in which the molecular domains exhibit
both o- and A-orientation. In contrast, for both DIP and PEN,
our work demonstrates the complete suppression of the o-
orientation in favor of the A-orientation in crystalline films.

Furthermore, for noncrystalline systems of OSCs known as
“anisotropic organic glasses”,”’ the average molecular orienta-
tion in vapor-deposited films can be tuned to some extent. In
particular, for rod-shaped molecules, lowering of the
deposition temperature leads to a reduction of the average
tilt angle between the long molecular axis and the substrate.
Such average tilt is then preserved after film annealing,’"**

The mechanism that explains the results we obtained seems
to primarily involve suppression of molecular dynamics. The
molecules landing on the bare substrate adopt a A-orientation
in order to maximize the van der Waals interactions with the Si
oxide surface. However, due to the low T, they lack the
necessary thermal energy for a collective transition to a o-
orientation,”>** which would allow one to maximize the
interactions per unit area. The same scenario holds for
molecules landing on top of an already formed organic layer.
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The molecules within “buried” layers additionally experience
hindrance to motion from the material deposited on top. In the
end, the molecular aggregates in the as-deposited film exhibit
an overall A-orientation with no long-range order.

Upon film annealing, the molecular units receive enough
thermal energy such that crystallization processes are triggered,
which seemingly occur via minimal structural reorganization
thanks to the initial “compact” (though disordered) packing of
the film. When cooling down to RT, the formed crystallites are
already kinetically trapped in the A-orientation, which does not
change further upon exposure to atmospheric conditions.

In summary, we have shown that vacuum deposition of the
three rod-like OSCs DIP, PEN, and 6T at Ty, = 123 K
followed by annealing in vacuum leads to the formation of
uniaxially aligned films where the crystalline domains consist of
molecules exclusively oriented with their long axis parallel to
the substrate. The films are mostly polycrystalline with long-
range order, although some material-dependent differences in
film texture are recognized. The optical properties of the thin
films change according to the molecular orientation. In
particular, for materials having their HOMO—-LUMO TDM
parallel to the long molecular axis, light absorption efficiency in
the direction parallel to the substrate plane is greatly enhanced.
Importantly, the horizontal molecular orientation and crystal-
linity of the films are conserved after exposure to atmospheric
conditions. The alignment of the long molecular axis of rod-
shaped OSCs parallel to the substrate plane on Si oxide
without the use of specific templating surfaces, together with
the pronounced crystalline coherence of the uniaxially
anisotropic thin films, had so far, to the best of our knowledge,
not been achieved. Such a combination of properties has great
potential for optoelectronic devices where high light-harvesting
efficiency and high charge carrier mobility are demanded. We
expect that, although this report shows results for three
materials on amorphous Si oxide, the above-outlined
mechanism is general for rod-shaped OSCs on a variety of
substrates, both amorphous and (poly)crystalline.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.jp-
clett.9b00304.

Additional experimental details, additional grazing-
incidence X-ray scattering data of a DIP film in A-
orientation, additional comments on the structural data
for PEN and 6T films, AFM data of 6T films, and UV—
vis absorption and photoluminescence spectra for all
films in both 6- and A-orientation (PDF)

B AUTHOR INFORMATION

Corresponding Author

*E-mail: giuliano.duva@uni-tuebingen.de.

ORCID

Giuliano Duva: 0000-0001-9492-3276

Alexander Hinderhofer: 0000-0001-8152-6386

Frank Schreiber: 0000-0003-3659-6718

Notes

The authors declare no competing financial interest.

DOI: 10.1021/acs.jpclett.9b00304
J. Phys. Chem. Lett. 2019, 10, 1031-1036


http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b00304/suppl_file/jz9b00304_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b00304/suppl_file/jz9b00304_si_001.pdf
http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.jpclett.9b00304
http://pubs.acs.org/doi/abs/10.1021/acs.jpclett.9b00304
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b00304/suppl_file/jz9b00304_si_001.pdf
mailto:giuliano.duva@uni-tuebingen.de
http://orcid.org/0000-0001-9492-3276
http://orcid.org/0000-0001-8152-6386
http://orcid.org/0000-0003-3659-6718
http://dx.doi.org/10.1021/acs.jpclett.9b00304

The Journal of Physical Chemistry Letters

B ACKNOWLEDGMENTS

The authors wish to thank F. Carla (ID03 beamline, ESRF)
and A. Janik (University of Tiibingen) for experimental
support. Financial support from the DFG (Project
SCHR700/20-1) is gratefully acknowledged. G.D. acknowl-
edges support from the Carl-Zeiss-Stiftung.

B REFERENCES

(1) Forrest, S. R. The Path to Ubiquitous and Low-Cost Organic
Electronic Appliances on Plastic. Nature 2004, 428, 911-918.

(2) Sirringhaus, H.; Brown, P. J; Friend, R. H; Nielsen, M. M,;
Bechgaard, K.; LangeveldVoss, B. M. W.; Spiering, A. J. H.; Janssen,
R. A. J.; Meijer, E. W.,; Herwig, P.; et al. Two-Dimensional Charge
Transport in Self-Organized, High-Mobility Conjugated Polymers.
Nature 1999, 401, 685—688.

(3) Noriega, R; Rivnay, J.; Vandewal, K; Koch, F. P. V,; Stingelin,
N,; Smith, P,; Toney, M. F,; Salleo, A. A General Relationship
Between Disorder, Aggregation and Charge Transport in Conjugated
Polymers. Nat. Mater. 2013, 12, 1038—1044.

(4) Forrest, S. R. Ultrathin Organic Films Grown by Organic
Molecular Beam Deposition and Related Techniques. Chem. Rev.
1997, 97, 1793—1896.

(5) Schreiber, F. Organic Molecular Beam Deposition: Growth
Studies Beyond the First Monolayer. Phys. Stat. Sol. (a) 2004, 201,
1037—1054.

(6) Witte, G.; Woll, C. Growth of Aromatic Molecules on Solid
Substrates for Applications in Organic Electronics. ]. Mater. Res. 2004,
19, 1889—1916.

(7) Witte, G.; Woll, C. Molecular Beam Deposition and Character-
ization of Thin Organic Films on Metals for Applications in Organic
Electronics. Phys. Status Solidi A 2008, 205, 497—510.

(8) Pithan, L.; Beyer, P.; Bogula, L.; Zykov, A.; Schafer, P.; Rawle, J.;
Nicklin, C.; Opitz, A.; Kowarik, S. Direct Photoalignment and Optical
Patterning of Molecular Thin Films. Adv. Mater. 2017, 29, 1604382.

(9) Desai, T. V.,; Woll, A. R; Schreiber, F.; Engstrom, J. R.
Nucleation and Growth of Perfluoropentacene on Self-Assembled
Monolayers: Significant Changes in Island Density and Shape with
Surface Termination. J. Phys. Chem. C 2010, 114, 20120.

(10) Desai, T. V,; Kish, E. R; Woll, A. R; Engstrom, J. R.
Hyperthermal Growth of N,N ’-Ditridecylperylene-3,4,9,10-tetracar-
boxylic Diimide on Self-Assembled Monolayers: Adsorption Dynam-
ics and Suband Multilayer Thin Film Growth. J. Phys. Chem. C 2011,
115, 18221—18234.

(11) Frank, C; Novak, J.; Banerjee, R;; Gerlach, A.; Schreiber, F.;
Vorobiev, A.; Kowarik, S. Island Size Evolution and Molecular
Diffusion during Growth of Organic Thin Films Followed by Time-
Resolved Specular and Off-Specular Scattering. Phys. Rev. B: Condens.
Matter Mater. Phys. 2014, 90, No. 045410.

(12) Kowarik, S.; Gerlach, A.; Sellner, S.; Cavalcanti, L.; Konovalov,
O.; Schreiber, F. RealTime X-Ray Diffraction Measurements of
Structural Dynamics and Polymorphism in Diindenoperylene Growth.
Appl. Phys. A: Mater. Sci. Process. 2009, 95, 233—239.

(13) Frank, C; Novak, J; Gerlach, A; Ligorio, G.; Broch, K;
Hinderhofer, A.; Aufderheide, A.; Banerjee, R.; Nervo, R.; Schreiber,
F. Real-Time X-Ray Scattering Studies on Temperature Dependence
of Perfluoropentacene Thin Film Growth. J. Appl. Phys. 2013, 114,
04351S.

(14) Banerjee, R;; Hinderhofer, A.; Weinmann, M.; Reisz, B.; Lorch,
C.; Gerlach, A; Oettel, M.; Schreiber, F. Interrupted Growth to
Manipulate Phase Separation in DIP: C60 Organic Semiconductor
Blends. J. Phys. Chem. C 2018, 122, 1839—1845.

(15) Lorch, C.; Frank, H.; Banerjee, R.; Hinderhofer, A.; Gerlach, A ;
Li Destri, G.; Schreiber, F. Controlling Length-Scales of the Phase
Separation to Optimize Organic Semiconductor Blends. Appl. Phys.
Lett. 2015, 107, 201903.

(16) Ullah Khan, H; Li, R; Ren, Y.; Chen, L; Payne, M. M,;
Bhansali, U. S.; Smilgies, D.M.; Anthony, J. E.; Amassian, A. Solvent
Vapor Annealing in the Molecular Regime Drastically Improves

1035

Carrier Transport in Small-Molecule Thin-Film Transistors. ACS
Appl. Mater. Interfaces 2013, S, 2325—2330.

(17) Grob, S; Bartynski, A. N.; Opitz, A.; Gruber, M.; Grassl, F.;
Meister, E.; Linderl, T.; Hormann, U.; Lorch, C.; Moons, E.; et al.
Solvent Vapor Annealing on Perylene-Based Organic Solar Cells. J.
Mater. Chem. A 2018, 3, 15700—15709.

(18) Iwatsu, F. Crystal Behavior of Zinc Phthalocyanine Films in
Alcohols. J. Cryst. Growth 1985, 71, 629—638.

(19) Brinkmann, M.; Wittmann, J.; Chaumont, C.; Andre, J. Effects
of Solvent on the Morphology and Crystalline Structure of Lithium
Phthalocyanine Thin Films and Powders. Thin Solid Films 1997, 292,
192—-203.

(20) Salzmann, L; Duhm, S.; Opitz, R.; Johnson, R. L.; Rabe, J. P.;
Koch, N. Structural and Electronic Properties of Pentacene-Fullerene
Heterojunctions. J. Appl. Phys. 2008, 104, 114518.

(21) Lorch, C.; Broch, K; Belova, V.; Duva, G.; Hinderhofer, A.;
Gerlach, A; Jankowski, M.; Schreiber, F. Growth and Annealing
Kinetics of a-Sexithiophene and Fullerene C60 Mixed Films. J. Appl.
Crystallogr. 2016, 49, 1266—1275.

(22) Guo, D;; Ikeda, S.; Saiki, K.; Miyazoe, H.; Terashima, K. Effect
of Annealing on the Mobility and Morphology of Thermally Activated
Pentacene Thin Film Transistors. J. Appl. Phys. 2006, 99, 094502.

(23) Ahn, T.; Jung, H.; Suk, H. J.; Yi, M. H. Effect of Postfabrication
Thermal Annealing on the Electrical Performance of Pentacene
Organic Thin-Film Transistors. Synth. Met. 2009, 159, 1277—1280.

(24) Nothaft, M; Pflaum, J. Thermally and Seed-Layer Induced
Crystallization in Rubrene Thin Films. Phys. Status Solidi B 2008, 245,
788—792.

(25) Diirr, A. C; Koch, N,; Kelsch, M.; Rithm, A; Ghijsen, J;
Johnson, R. L.; Pireaux, J.J.; Schwartz, J.; Schreiber, F.; Dosch, H,;
et al. Interplay Between Morohology, Structure, and Electronic
Properties at Diindenoperylene-Gold Interfaces. Phys. Rev. B: Condens.
Matter Mater. Phys. 2003, 68, 115428.

(26) de Oteyza, D.; Barrena, E.; Sellner, S.; Osso, J.; Dosch, H.
Structural Rearrangements During the Initial Growth Stages of
Organic Thin Films of F ;CuPc on SiO,. J. Phys. Chem. B 2006, 110,
16618—16623.

(27) Walzer, K; Maennig, B.; Pfeiffer, M.; Leo, K. Highly Efficient
Organic Devices Based on Electrically Doped Transport Layers.
Chem. Rev. 2007, 107, 1233—1271.

(28) Schmidt, T. D.; Lampe, T.; Sylvinson M. R., D.; Djurovich, P.
L; Thompson, M. E.; Briitting, W. Emitter Orientation as a Key
Parameter in Organic Light-Emitting Diodes. Phys. Rev. Appl. 2017, 8,
037001. )

(29) Heinemeyer, U.; Scholz, R.; Gisslen, L.; Alonso, M. L; Osso, J.
O.; Garriga, M,; Hinderhofer, A.; Kytka, M.; Kowarik, S.; Gerlach, A,;
et al. Exciton-Phonon Coupling in Diindenoperylene Thin Films.
Phys. Rev. B: Condens. Matter Mater. Phys. 2008, 78, 085210.

(30) Ritley, K.; Krause, B.; Schreiber, F.; Dosch, H. A Portable UHV
Organic Molecular Beam Deposition System For In Situ X-Ray
Diffraction Measurements. Rev. Sci. Instrum. 2001, 72, 1453—1457.

(31) Diirr, A; Nickel, B.; Sharma, V.; Taffner, U; Dosch, H.
Observation of Competing Modes in the Growth of Diindenoper-
ylene on SiO,. Thin Solid Films 2006, 503, 127.

(32) Heinrich, M. A; Pflaum, J; Tripathi, A. K; Frey, W,
Steigerwald, M. L.; Siegrist, T. Enantiotropic Polymorphism in Di-
indenoperylene. J. Phys. Chem. C 2007, 111, 18878.

(33) Heinemeyer, U.; Broch, K.; Hinderhofer, A.; Kytka, M.; Scholz,
R; Gerlach, A; Schreiber, F. Real-Time Changes in the Optical
Spectrum of Organic Semiconducting Films and Their Thickness
Regimes During Growth. Phys. Rev. Lett. 2010, 104, 257401.

(34) Armstrong, N. R;; Veneman, P. A,; Ratcliff, E.; Placencia, D.;
Brumbach, M. Oxide Contacts in Organic Photovoltaics: Character-
ization and Control of Near-Surface Composition in IndiumTin
Oxide (ITO) Electrodes. Acc. Chem. Res. 2009, 42, 1748—1757.

(35) Schiefer, S.; Huth, M.; Dobrinevski, A.; Nickel, B.
Determination of the Crystal Structure of Substrate-Induced
Pentacene Polymorphs in Fiber Structured Thin Films. J. Am.
Chem. Soc. 2007, 129, 10316—10317.

DOI: 10.1021/acs.jpclett.9b00304
J. Phys. Chem. Lett. 2019, 10, 1031-1036


http://dx.doi.org/10.1021/acs.jpclett.9b00304

The Journal of Physical Chemistry Letters

(36) Horowitz, G.; Bachet, B.; Yassar, A; Lang, P.; Demanze, F.;
Fave, J.-L.; Garnier, F. Growth and characterization of sexithiophene
single crystals. Chem. Mater. 1995, 7, 1337—1341.

(37) Hinderhofer, A.; Heinemeyer, U.; Gerlach, A.; Kowarik, S.;
Jacobs, R. M. J.; Sakamoto, Y.; Suzuki, T.; Schreiber, F. Optical
Properties of Pentacene and Perfluoropentacene Thin Films. J. Chem.
Phys. 2007, 127, 194705,

(38) Hesse, R.; Hofberger, W.; Bassler, H. Absorption Spectra of
Disordered Solid Tetracene and Pentacene. Chem. Phys. 1980, 49,
201.

(39) Faltermeier, D.; Gompf, B.; Dressel, M.; Tripathi, A. K;
Pflaum, J. Optical Properties of Pentacene Thin-Films and Single
Crystals. Phys. Rev. B: Condens. Matter Mater. Phys. 2006, 74, 125416.

(40) Reisz, B.; Weimer, S.; Banerjee, R.; Zeiser, C.; Lorch, C.; Duva,
G.; Dieterle, J.; Yonezawa, K.; Yang, J.-P.; Ueno, N.; et al. Structural,
Optical, and Electronic Characterization of Perfluorinated Sexithio-
phene Films and Mixed Films with Sexithiophene. J. Mater. Res. 2017,
32, 1908—1920.

(41) Guo, D.; Sakamoto, K.; Miki, K.; Ikeda, S.; Saiki, K. Orientation
Control of Pentacene Molecules and Transport Anisotropy of the
Thin Film Transistors by Photoaligned Polyimide Film. Appl. Phys.
Lett. 2007, 90, 102117.

(42) Ivanco, J.; Haber, T.; Krenn, J.; Netzer, F.; Resel, R.; Ramsey,
M. Sexithiophene Films on Ordered and Disordered TiO,(110)
Surfaces: Electronic, Structural and Morphological Properties. Surf.
Sci. 2007, 601, 178—187.

(43) Casu, M. B; Biswas, L; Schuster, B. E.; Nagel, M.; Nagel, P.;
Schuppler, S.; Chasse, T. Molecular Orientation in Diindenoperylene
Thin Films Deposited on Polycrystalline Gold. Appl. Phys. Lett. 2008,
93, 024103.

(44) de Oteyza, D.; Barrena, E.; Ruiz-Oses, M,; Silanes, L; Doyle, B.;
Ortega, J.; Arnau, A.; Dosch, H.; Wakayama, Y. Crystallographic and
Electronic Structure of Self-Assembled DIP Monolayers on Au(111)
Substrates. J. Phys. Chem. C 2008, 112, 7168—7172.

(45) Duhm, S.; Heimel, G.; Salzmann, 1.; Glowatzki, H.; Johnson, R.
L; Vollmer, A; Rabe, J. P; Koch, N. Orientation-Dependent
Ionization Energies and Interface Dipoles in Ordered Molecular
Assemblies. Nat. Mater. 2008, 7, 326—332.

(46) Koini, M.; Haber, T.; Werzer, O.; Berkebile, S.; Koller, G.;
Oehzelt, M.; Ramsey, M.; Resel, R. Epitaxial Order of Pentacene on
Cu(110)-(2 X 1)O: One Dimensional Alignment Induced by Surface
Corrugation. Thin Solid Films 2008, 517, 483—487.

(47) Haber, T.; Ivanco, J.; Ramsey, M.; Resel, R. Epitaxial Growth of
Sexithiophene on TiO, (110). J. Cryst. Growth 2008, 310, 101—109.

(48) Huang, Y. L.; Chen, W.; Huang, H,; Qj, D. C.; Chen, S.; Gao,
X.Y,; Pflaum, J.; Wee, A. T. S. Ultrathin Films of Diindenoperylene
on Graphite and SiO,. J. Phys. Chem. C 2009, 113, 9251—-9255.

(49) Simbrunner, C.; Hernandez-Sosa, G.; Oehzelt, M.; Djuric, T.;
Salzmann, I; Brinkmann, M.; Schwabegger, G.; Watzinger, L; Sitter,
H.; Resel, R. Epitaxial Growth of Sexithiophene on Mica Surfaces.
Phys. Rev. B: Condens. Matter Mater. Phys. 2011, 83, 115443.

(50) Schwabegger, G.; Djuric, T.; Sitter, H.; Resel, R.; Simbrunner,
C. Morphological and Structural Investigation of Sexithiophene
Growth on KCI (100). Cryst. Growth Des. 2013, 13, 536—542.

(51) Han, W. N.; Yonezawa, K.; Makino, R.; Kato, K.; Hinderhofer,
A.; Murdey, R.; Shiraishi, R.; Yoshida, H.; Sato, N.; Ueno, N.; et al.
Quantitatively Identical Orientation-Dependent Ionization Energy
and Electron Affinity of Diindenoperylene. Appl. Phys. Lett. 2013, 103,
253301.

(52) Schiinemann, C.; Wynands, D.; Eichhorn, K.-J.; Stamm, M,;
Leo, K; Riede, M. Evaluation and Control of the Orientation of Small
Molecules for Strongly Absorbing Organic Thin Films. J. Phys. Chem.
C 2013, 117, 11600—11609.

(53) Guskova, O.; Schiinemann, C.; Eichhorn, K.-J.; Walzer, K;
Levichkova, M.; Grundmann, S.; Sommer, J.-U. Light Absorption in
Organic Thin Films: The Importance of Oriented Molecules. J. Phys.
Chem. C 2013, 117, 17285—17293.

(54) Yu, S.; Opitz, A.; Grob, S.; Resel, R.; Oehzelt, M.; Briitting, W.;
Salzmann, I; Koch, N. Performance Enhancement of Diindenoper-

1036

ylene-Based Organic Photovoltaic Cells by Nanocolumn-Arrays. Org.
Electron. 2014, 15, 2210—2217.

(55) Zhang, L.; Roy, S. S.; Safron, N. S.; Shearer, M. J.; Jacobberger,
R. M.; Saraswat, V.; Hamers, R. J.; Arnold, M. S.; Andrew, T. L.
Orientation Control of Selected Organic Semiconductor Crystals
Achieved by Monolayer Graphene Templates. Adv. Mater. Interfaces
2016, 3, 1600621. )

(56) Hodas, M.; Siffalovic, P.; Nadazdy, P.; Mrkyvkova, N.; Bodik,
M.; Halahovets, Y.; Duva, G.; Reisz, B.; Konovalov, O.; Ohm, W
et al. Real-Time Monitoring of Growth and Orientational Alignment
of Pentacene on Epitaxial Graphene for Organic Electronics. ACS
Appl. Nano Mater. 2018, 1, 2819—2826.

(57) Kowarik, S.; Gerlach, A.; Sellner, S.; Schreiber, F.; Cavalcanti,
L.; Konovalov, O. Real-Time Observation of Structural and
Orientational Transitions During Growth of Organic Thin Films.
Phys. Rev. Lett. 2006, 96, 125504.

(58) Hinderhofer, A.; Hosokai, T.; Yonezawa, K; Gerlach, A.; Kato,
K,; Broch, K; Frank, C.; Novak, J; Kera, S.; Ueno, N.; et al. Post-
Growth Surface Smoothing of Thin Films of Diindenoperylene. Appl.
Phys. Lett. 2012, 101, 033307.

(59) Shioya, N.; Murdey, R.; Nakao, K; Yoshida, H.; Koganezawa,
T.; Eda, K; Shimoaka, T.; Hasegawa, T. Alternative Face-on Thin
Film Structure of Pentacene. Sci. Rep. 2019.

(60) Guijral, A; Yu, L.; Ediger, M. Anisotropic Organic Glasses. Curr.
Opin. Solid State Mater. Sci. 2018, 22, 49—57.

(61) Dalal, S. S.; Walters, D. M.; Lyubimov, L; de Pablo, J. J.; Ediger,
M. D. Tunable Molecular Orientation and Elevated Thermal Stability
of Vapor-Deposited Organic Semiconductors. Proc. Natl. Acad. Sci. U.
S. A. 2015, 112, 4227-4232.

(62) Gujral, A,; Gomez, J; Jiang, J.; Huang, C; O'Hara, K. A;
Toney, M. F,; Chabinyc, M. L; Yu, L,; Ediger, M. D. Highly
Organized Smectic-like Packing in Vapor-Deposited Glasses of a
Liquid Crystal. Chem. Mater. 2017, 29, 849—858.

(63) Zeng, Y.; Tao, B; Yin, Z. Molecular Orientation Trans-
formation of Pentacene on Amorphous SiO,: A Computational Study
on the Initial Growth Stage of Physical Vapor Deposition. J. Cryst.
Growth 2014, 405, 73—80.

(64) Zeng, Y.; Tao, B,; Chen, J,; Yin, Z. Temperature-Dependent
Orientation Study of the Initial Growth of Pentacene on Amorphous
SiO, by Molecular Dynamics Simulations. J. Cryst. Growth 2018, 429,
35—42.

DOI: 10.1021/acs.jpclett.9b00304
J. Phys. Chem. Lett. 2019, 10, 1031-1036


http://dx.doi.org/10.1021/acs.jpclett.9b00304

