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ABSTRACT: The microstructure, morphology, and growth dynamics of hexa-peri-hexabenzocor-
onene (HBC, C,,Hs) thin films deposited on inert substrates of similar surface energies are
studied with particular emphasis on the influence of substrate symmetry and substrate—molecule
lattice matching on the resulting films of this material. By combining atomic force microscopy
(AFM) with X-ray diffraction (XRD), X-ray absorption spectroscopy (NEXAFS), and in situ X-ray

reflectivity (XRR) measurements, it is shown that HBC forms polycrystalline films on SiO,, where molecules are oriented in an
upright fashion and adopt the known bulk structure. Remarkably, HBC films deposited on highly oriented pyrolytic graphite
(HOPG) exhibit a new, substrate-induced polymorph, where all molecules adopt a recumbent orientation with planar z-stacking.
Formation of this new phase, however, depends critically on the coherence of the underlying graphite lattice since HBC grown
on defective HOPG reveals the same orientation and phase as on SiO,. These results therefore demonstrate that the resulting
film structure and morphology are not solely governed by the adsorption energy but also by the presence or absence of
symmetry- and lattice-matching between the substrate and admolecules. Moreover, it highlights that weakly interacting substrates
of high quality and coherence can be useful to induce new polymorphs with distinctly different molecular arrangements than the

bulk structure.
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1. INTRODUCTION

Organic semiconductors consisting of 7-conjugated aromatic
molecules have become a focus of current research because of
their promising potential for future thin-ilm and flexible
electronic device applications.”” While optoelectronic proper-
ties of these materials are mainly determined by the spacing of
molecular energy levels, charge transport in molecular solids is
largely affected by the spatial overlap of orbitals of neighboring
molecules.” Owing to the anisotropic shape of aromatic
molecules, these compounds generally adopt complex packing
motifs in the crystalline phase, which result also in a
pronounced anisotropy of electronic properties of organic
crystals and crystalline molecular films.* A synthetic strategy to
enhance the electronic properties is based on specific chemical
modifications that control the molecular electronic levels but
also affect the molecular packing and intermolecular
distances.”® Another approach, utilizing substrate-mediated
crystallization, was demonstrated in a previous study for
perfluorinated pentacene (PFP) films grown on graphene or
graphite. There a new, substrate-induced polymorph with
coplanar z-stacking was identified that does not exist in the
bulk crystal phase of PFP and favors enhanced charge carrier
mobility along the stacking direction.”
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Of particular interest among organic semiconductors is hexa-
peri-hexabenzocoronene (HBC, C,,H,;), a discotic, polycyclic
hydrocarbon that can be considered as a hydrogen-terminated
molecular version of graphene, a so-called nanographene.8 Its
substantial thermal and radiation stability in combination with a
high charge carrier mobility renders it a promising material for
device applications.”'® In the bulk crystal structure HBC
exhibits a flattened out herringbone motif, where both
molecules of the unit cell adopt an almost perpendicular
arrangement as shown in Figure 1.'' As an example for the
aforementioned synthetic strategy, the introduction of
peripheric alkyl chains results in a coplanar z-stacking packing
motif and furthermore enhanced solubility, hence enabling
drop casting and other solution-processing techniques.'”
Though this allows the fabrication of solution-processed field
effect transistors with extended HBC monodomains,">™*° the
obtained charge carrier mobilities are significantly lower than
that of other organic semiconductor films," thus lagging behind
the expectations for s-stacked molecular materials. Since
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Figure 1. van der Waals dimensions and molecular bulk structure of
hexa-peri-hexabenzocoronene (HBC, C,,H,s).""

possible reasons for this noncompliance are structural defects
and/or contaminations, it is desirable to pursue alternative
concepts to prepare highly ordered HBC films with controlled
molecular orientation—if feasible, vacuum-based to minimize
contaminations. Although single-crystal substrates appear
unfavorable for device applications they allow for a detailed
analysis of the growth dynamics and structure of thin films,
which is mandatory for a deeper understanding of controlled
film preparation. The Dy, symmetry of HBC suggests substrate
surfaces with hexagonal symmetry as natural templates. In fact,
densely packed, epitaxially ordered HBC monolayer films of
flat-lying molecules are formed on the (111) surface of the
coinage metals Au, Ag, and Cu'®™"® as well as on the rather
inert basal g)lanes of highly oriented pyrolytic graphite (HOPG)
and MoS,."”*° By contrast, for HBC films grown on SiO, or
polycrystalline gold®® no orientational ordering of HBC was
observed because the substrate does not induce any symmetry.
Remarkably, the lying molecular orientation of HBC is also
maintained in thin multilayers up to 3 ML on Cu(111) and
Au(111), while for layers exceedin% a thickness of 2 nm, the
precision of the orientation is lost."® By contrast, reorientation
toward a bulk-like structure occurs immediately beyond the first
monolayer of HBC on Ag(111)."* More promising, a vertical
stacking of HBC on HOPG and MoS, was reported even for
film thicknesses of about 10 nm, evidenced by angular resolved
NEXAFS and UPS data,”® which is further corroborated by
differential reflectance spectroscopy measurements for the case
of HOPG.*' In view of the large mass of HBC (522.6 u),
thermally activated diffusion is expected to enhance film
ordering. However, a pronounced dewetting was found upon
postgrowth annealing experiments for HBC on HOPG, while
neither systematic temperature-dependent growth experiments
nor growth dynamics studies or XRD data are yet available.
Therefore, in this study we combined X-ray reflectivity
(XRR), grazing incidence X-ray diffraction (GIXD), atomic
force microscopy (AFM), and near-edge X-ray absorption fine
structure (NEXAFS) measurements to analyze the structure
and growth evolution of HBC films. In particular we aim to
elucidate the effect of surface symmetry and lattice matching on
molecular orientation, crystal structure, and morphology by
comparing film growth on SiO, and HOPG. Both substrates are
rather inert thus excluding additional chemical interaction, have
similar surface energies of 45.9 mJ m~? for SiO, and 54.8 mJ
m~2 for HOPG, but exhibit quite different surface symmetry
properties.”>*> On SiO, we observe in real-time XRR
experiments a transition from lying molecules in the first
monolayer to upright standing molecules in the bulk structure,
while on exfoliated HOPG substrates HBC forms crystalline
multilayers of flat-lying molecules that exhibit a structure similar
to the monolayer. With increasing substrate temperature during

film growth the crystallinity but also the film roughness
increase. In a previous work it was demonstrated for the case of
various acenes that furthermore the surface roughness of
HOPG has a severe impact on the molecular orientation and
film morphology.** To scrutinize this correlation for the case of
HBC, we have also analyzed films that were grown on defective
HOPG(0001), where the coherence of the templating graphite
surface lattice was destroyed by ion sputtering, and as a result
the HBC molecules revert to arrange uprightly in the bulk
structure as observed on SiO,.

2. EXPERIMENTAL SECTION

All HBC films were grown under high vacuum conditions (base
pressure below 10~ mbar) onto (100)-oriented Si wafers with
a native oxide layer and HOPG substrates by molecular beam
deposition. For the synthesis of HBC, an alternative synthetic
route was pursued, which is described in the Supporting
Information. Prior to the film deposition the SiO, substrates
were rinsed in ultrasonic baths with acetone, isopropanol, and
Milli-Q water for at least 15 min. Atomically smooth graphite
surfaces were prepared via exfoliation of HOPG substrates (SPI
supplies, ZYA quality, mosaic spread <0.4°) in air. After loading
into the vacuum chamber all substrates were heated at 720 K to
remove residual contaminations. To create defective HOPG
substrates with reduced templating, some of the cleaved HOPG
substrates were intentionally roughened by Ar* sputtering (E =
700 eV, I = 3 puA) for S min leading to a loss of surface
coherence as indicated by the disappearance of the LEED
pattern (more information in Supporting Information, Figure
S7, and ref 24). After careful outgassing” HBC was evaporated
at a crucible temperature of around 670 K in order to achieve a
constant molecular flux of 1 A min™" as monitored by a quartz
crystal microbalance (QCM), which was increased to about 2 A
min~" for films with higher thicknesses. The nominal film
thickness as determined by the QCM was further cross-
calibrated using the XRR measurements on SiO, 1?7 evaluation
of the Kiessig fringes with the Parratt formalism.”

The morphology of the various films was characterized by
AFM. All AFM measurements were performed at ambient
conditions using either a MultiMode 8 System (Bruker) or an
SPM 5500 System (Agilent) operated in tapping mode.
Olympus-etched silicon cantilevers with a spring constant of
2 N m™" with typical resonance frequencies of 70 or 300 kHz,
respectively, 26.1 N m™" and 260 kHz, as well as MikroMasch
cantilevers with resonance frequencies of about 325 kHz and
spring constants of 40 N m™" were used. For height calibration
of the AFM piezo monatomic steps on HOPG and Au(111)
with corresponding interlayer spacings of 3.4 and 2.4 A were
used. x—y piezo calibration up to an accuracy of 5% was
performed using a platinum-coated silicon calibration reference
(Digital Instruments).

Crystalline film structure and growth mode were investigated
by means of XRR and GIXD measurements performed in a
vacuum chamber using Cu Ka radiation (4 = 1.542 A) created
by a rotating anode and the SLS synchrotron source (1 = 0.775
A) in Switzerland.”” Additional measurements were performed
with a Bruker D8 Discovery diffractometer using Cu Ka
radiation. In XRR the true specular reflectivity was extracted by
subtracting the separately measured diffuse scattering intensity.
A footprint correction was performed to account for the
illumination geometry at low incident angles. To complement
the static, postgrowth picture provided by these methods, we
also recorded the specular in situ real-time X-ray growth
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oscillations.”® These periodic oscillations of the X-ray
reflectivity arise as consecutive molecular MLs are formed on
the substrate, thus enabling us to follow the layer coverage and
film roughness evolution during deposition.

The NEXAFS measurements were performed at the HE-
SGM dipole beamline of the synchrotron storage ring BESSY II
in Berlin (Germany) providing linear polarized light (polar-
ization factor = 0.91 and an energy resolution at the carbon K-
edge of about 300 meV). All NEXAFS spectra were recorded in
partial electron yield mode using a channel-plate detector with
a retarding field of —150 V. For the calibration of the absolute
energy scale, the photocurrent from a carbon-coated gold grid
in the incident beam (absorption maximum = 284.9 eV) was
recorded simultaneously. To determine the average molecular
orientation relative to the sample surface, NEXAFS spectra
were recorded at different angles of incidence (30°, $5°, 70°,
and 90°), and the observed dichroism was analyzed after flux
normalization and considering the transmission of the
monochromator.”> Contributions from the substrate which
overlap with the sample signature were subtracted to isolate the
sample spectra (more details in the Supporting Information and
ref 29).

3. RESULTS

3.1. Film Morphology. First we characterize the
morphology of the HBC films by means of AFM. Figure 2
depicts a comparison of atomic force micrographs obtained for
various HBC films grown on SiO, substrates and HOPG
substrates. Deposition of 15 nm of HBC on SiO, at T, = 300 K
(substrate temperature during film growth) yields a film that
consists of uniformly distributed grains with typical lateral
diameters of 15—30 nm and heights of about 10 nm (Figure
2a). In addition, about 2% of the surface area is covered with
significantly larger crystallites exhibiting diameters of up to 100
nm and heights greater than 20 nm. For a growth temperature
of T, = 353 K (Figure 2b) the size of the formed HBC islands
increases to typical length scales of about 100 nm. This trend
continues upon further increasing the growth temperature to T
= 423 K (Figure 2c), where non-contiguous elongated islands
extending over about 500 nm are formed, which indicates
ripening of HBC crystallites on the SiO, surface. On the surface
of the extended islands, steps with a height of 12—14 A were
found, which concurs with the interlayer spacing of (001)gpc
planes and thus indicates upright standing molecules in the
films. This trend observed from morphology measurements
indicates that at elevated substrate temperatures during
deposition the crystallinity of the HBC film is enhanced.

Figures 2d and e show the morphology of HBC films grown
on pristine, ie., freshly exfoliated HOPG, with nominal
thicknesses of 10 and 75 A, respectively. In contrast to HBC
layers on SiO,, large HBC islands are formed on HOPG
extending over more than a micron (for comparison, an AFM
micrograph of bare HOPG is presented in the Supporting
Information, Figure S5). The mesa-like HBC islands are limited
in their lateral extensions at the HOPG grain boundaries (cf.
Figure 2d and Supporting Information, Figure S6). Therefore,
we can safely exclude that the observed step heights result from
buried steps of the HOPG surface and know that they indeed
represent molecular steps of the HBC film. Several line scans
across HBC island edges reveal distinct steps between
consecutive HBC layers on the surface of these islands with a
height of about 3.5 A (see line scans V, VI, and VII in Figure
2d, height histogram in Supporting Information, Figure S6).
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Figure 2. Comparison of AFM micrographs showing the morphology
of 15 nm thick HBC films grown at different temperatures on SiO,:
(a) 300 K, (b) 353 K, and (c) 423 K. Surface morphology of a (d)
monolayer (1 nm) and (e) multilayer (7.5 nm) HBC film on pristine
HOPG and on sputtered HOPG (80 nm) (f), grown at 300, 300, and
423 K. Corresponding height profiles are shown in the bottom panels.
Note that the higher roughness of the sample in (f) results from the
higher thickness of that sample.

We note that these values are very close to the interlayer
spacing of the basal plane of graphite (3.35 A'”) and the
distances observed in columnar HBC aggregates on metal
surfaces.'”'>*° This indicates that the exclusive recumbent
molecular orientation adopted in the first ML of HBC on
graphite'*?° is pursued throughout the first few monolayers.
The thicker HBC film (7S A) grown on pristine HOPG
consists of separated but rather smooth islands (Figure 2e).
About 40% of the surface is covered with elongated islands
exhibiting lateral extensions up to several microns. The analysis
of the azimuthal distribution of the long island axes exhibits a
discrete angular orientation, which mirrors the symmetry of the
HOPG surface and thus suggests lattice matching between the
substrate surface and film structure. While the sample presented
in Figure 2e has been prepared at T, = 300 K, equivalent
samples have also been prepared at elevated temperatures. In
this case, higher temperatures have resulted in enhanced
crystallite size and stronger dewetting (data presented in
Supporting Information, Figure SS). In addition, on all islands
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characteristic circular pits with several 10 nm in diameter are
observed, whose depth could not be resolved due to the finite
AFM tip shape and size. Keil et al*® also observed these
depressions as well as a morphological reordering upon
subsequent annealing at 425 K, resulting in needle-like
aggregates perfectly oriented along the 3-fold symmetry of
the HOPG.

To elucidate the influence of the substrate coherence on film
growth, complementary films have been prepared on inten-
tionally roughened HOPG surfaces.”* Figure 2f shows a
micrograph of 80 nm HBC deposited at T, = 423 K onto a
sputtered HOPG surface. A comparison with a HBC multilayer
film prepared on SiO, (cf. Figure 2c) shows that the
morphology of these samples is very similar. Note that this
agreement is also found for HBC films deposited at lower
substrate temperatures, which feature a morphology similar to
the corresponding films prepared on SiO, presented in Figure
2a (cf. Supporting Information, Figure SS). This result
highlights the importance of substrate microroughness on the
resulting templating effect.

3.2. Crystalline Structure. To obtain additional informa-
tion on the crystalline order within the islands we employed
XRR and GIXD measurements below the total reflection
edge.®" The respective scattering geometries are schematically
shown in Figure 3c and d. The out-of-plane XRR measure-
ments of HBC on SiO, (Figure 3a, top panel) reveal a
(001)ypc Bragg reflection at all temperatures, indicating the
formation of crystalline islands composed of upright standing
molecules. When increasing the sample temperature during
growth, also higher-order diffraction peaks become visible,
reflecting the improved crystalline ordering.

The inspection of the in-plane structure (that is, lattice
planes aligned perpendicular to the surface) furthermore allows
us to identify the exact polymorph. In these GIXD measure-
ments on SiO, presented in Figure 3b, the (41—1)ypc, (31—
Dype, and (S1—1)ypc diffraction peaks are observed at the
positions of the known HBC bulk structure,®* showing that
such HBC films adopt the bulk crystal structure. While the first
reflection is present in all measurements independent of
substrate temperature, the latter can be identified only for T, =
423 K, due to the higher crystallinity of this film as visible in
AFM data.

On pristine HOPG, we observe a single strong Bragg
reflection corresponding to the (0002)c spacing (see Figure 3a,
bottom panel). Apart from an additional weak reflection due to
A/2 content in the X-ray beam at g, = 0.93 A~' (denoted by the
black arrow), no further Bragg reflections are found in XRR.
This might be explained by HBC molecules in either disordered
configurations or in perfectly flat orientation with essentially
the same vertical layer spacing as the HOPG substrate,
suggesting a new surface-induced polymorph without herring-
bone arrangement. As distinct islands are observed in the AFM
measurements, a complete absence of crystalline order can be
excluded. Further evidence for this thought provide in-plane
GIXD measurements, which show an additional diffraction
peak at g, = 0.53 A™' (see Figure 3b, bottom panel). This new
Bragg peak corresponds to a lateral interlayer spacing of d =
11.8 A, which is close to the HBC diameter and therefore
indicates molecules in a lying orientation. We note that this
value is very close to the lattice spacing of the (001)ypc bulk
lattice plane. However, since we know from GIXD that
crystalline ordering exists, the absence of bulk polymorph
reflections in the reflectivity scan along g, indicates that a
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Figure 3. (a) XRR and (b) GIXD measurements of HBC films grown
on SiO, (top panels, samples correspond to AFM micrographs in
Figure 2a—c) at varying temperatures of 300, 353, and 423 K and
pristine/defective HOPG (bottom panel samples correspond to AFM
micrographs in Figure 2d—f) at 300 K and defective HOPG at 423 K.
The scans are offset from each other for clarity. Schematic of the out-
of-plane scattering geometry (c) for the XRR measurements and in-
plane (d) for the GIXD measurements.

polymorph different from the bulk crystalline structure is
present, which is further evidenced by NEXAFS spectroscopy
(see below). Therefore, we can explicitly exclude that this peak
corresponds to the (001)ypc bulk reflection. Consequently, we
cannot use that indexation but denote it as HBC,,,,.

By contrast, in XRR measurements on defective HOPG,
again the (00n)ypc reflections are found. Additionally, the (31—
Dypc and (41—1)ypc peaks are identified in GIXD scans,
proving that HBC grows in upright orientation and adopts the
bulk polymorph on defective HOPG, exactly like on SiO,. This
shows that destroying the coherence of the HOPG substrate
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lattice by sputtering inhibits nucleation of the molecules in
lying configurations. Instead, they adopt an upright config-
uration in the known bulk structure.

3.3. Molecular Orientation. Though morphological
investigations and analysis of X-ray diffraction patterns give
an indication for the formation of a new polymorph with
coplanar molecular arrangement on pristine HOPG surfaces,
these reflections do not provide direct proof for this hypothesis.
To allow an independent confirmation of this circumstance, X-
ray absorption measurements at the carbon edge (C Is-
NEXAFS) have been performed. In this technique, carbon core
electrons are excited into unoccupied molecular orbitals. As the
intensity of these excitations depends on the relative orientation
between the polarization of the incident X-ray beam and the
molecular transition dipole moment (TDM), the molecular
orientation can be determined if the resonance intensities
recorded at different relative angles are evaluated.’>**
Compared to XRD, NEXAFS provides the specific advantage
that the structural determination is not restricted to crystalline
regions but also probes amorphous regions. Thus, the
determined orientation is an average over all molecules exposed
to the X-ray beam. Therefore, molecular orientations
determined by NEXAFS are often slightly different from
those obtained by XRD. As a consequence, substrate defects
resulting in different molecular orientation may lead to deviant
results.”**

From previous NEXAFS studies on HBC,* it is known that
the resonances occurring around 284—286 eV correspond to
excitations of C 1s electrons into unoccupied 7* orbitals, of
which TDM is oriented perpendicular to the molecular plane
(see inset in Figure 4a). For multilayers deposited on SiO,,
NEXAFS spectra taken at normal incidence (® = 90°) reveal
strong 7* resonances, while at lower incident angles of ® = 30°
these resonances diminish greatly, as shown in Figure 4a. This
kind of dichroism is characteristic for upright standing
molecules. A quantitative analysis of the dichroism (further
details in the Supporting Information) yields an average
molecular tilt of @ = 73° + 7° toward the substrate plane.
Therefore, the observed dichroism shows that additionally to
molecules in upright orientation (85° in the case of
HBC(001)) some molecules exist in recumbent orientations,
probably in an amorphous configuration. For a 10 nm thick
HBC film deposited onto pristine HOPG an inverted dichroism
compared to the SiO, samples is found as shown in F?ure 4b,
revealing an average molecular tilt of & = 16° + 4°/ 7°3 toward
the substrate basal plane. Remarkably, this recumbent
orientation is found to remain stable even in thicker films up
to 50 nm in thickness. We would like to point out that this
determined molecular orientation cannot be explained by any
molecular arrangement in the HBC bulk structure and
therefore unambiguously proves that HBC crystallizes in a
new polymorph on HOPG surfaces, where the molecules adopt
a nearly planar orientation relative to the substrate and each
other (this will be discussed in more detail in the Discussion).
To improve the statistical reliability of the determined angle, in
this case additionally a quasi-continuous measurement
combining 26 individual spectra of the dichroism has been
performed (data presented in Figure S10, Supporting
Information), which perfectly supports the prior finding.

The apparent deviation of the determined average angle from
perfectly flat oriented molecules can be explained by the
existence of defects on the HOPG surface, where the coherence
between substrate and adsorbate is reduced and therefore
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Figure 4. Summary of C 1s NEXAFS spectra of 10 nm thick HBC
films grown on (a) SiO, and (b) pristine HOPG at varying incident
angles between 30° and 90°. Note the inverse dependency of the
absorption on the incident angle compared to (a). (c) HBC on
defective HOPG shows a dichroism more similar to films on SiO, than
on pristine HOPG. For clarity the absorption spectra at 8 =70° (gray
squares in the right panels) are not shown. The inset in (a) sketches
the experimental geometry and the TDM orientation.

orientations >0° are found. To verify this hypothesis, further
NEXAFS measurements have been performed on defect
dominated HOPG created by ion sputtering.”® In fact, a
drastically different molecular orientation of a = 65° + 7° is
observed, which corresponds to mostly upright oriented
molecules as in the case of SiO, substrates, again showing
the comparability of HBC films deposited on SiO, and
defective HOPG.

At higher energies, resonances corresponding to excitations
into Rydberg states and o* orbitals (>290 eV) occur (data
presented in Figure S11, Supporting Information). The TDMs
of these excitations lie parallel to the molecular plane but do
not exhibit a unique direction. Therefore, in an upright
molecular orientation, no strong dichroism of these resonances
is found. In recumbent geometries however—like in the case of
HBC/HOPG—a clear dichroism, which is inverse compared to
the one of the 7* resonances, is observed.

3.4. Evolution of Surface Morphology. To obtain
complementary information about the film growth dynamics
the X-ray reflectivity at fixed g-points was recorded during HBC
deposition. These experiments provide details about the
evolution of the surface morphology, which is often difficult
to access in postgrowth experiments because thin organic layers
can undergo considerable postdeposition reorganization, such
as dewetting.>’ > The results are shown in Figure 5. We
observe X-ray growth oscillations indicating local layer-by-layer
(LBL) growth, which is a desirable growth mode because it
permits the fabrication of low roughness highly ordered
structures, essential for, e.g., multilayer stacks in applications.
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Figure 5. Top: anti-Bragg (q, = 0.265 A™") growth oscillations of 150
A HBC on SiO, grown at 300 K. Bottom: Growth oscillations (q, =
0.285 A™") of 75 A HBC grown on pristine HOPG at 300 K. (), (d)
Oscillations and fit of the Trofimov model (for details see the
Supporting Information). (b), (e) Calculated layer coverages. (c), (f)
Calculated rms roughness.

The anti-Bragg growth oscillations on SiO, shown in Figure
Sa clearly indicate LBL growth with a decrease in oscillation
amplitude for larger film thickness due to increasing roughness.
Moreover, a distinctly smaller amplitude of the first oscillation
is noticeable, which points toward a different growth behavior
of the first ML, compared to thicker films. This transition into
the bulk structure when growing HBC on fused quartz has also
been observed by Forker et al. using optical spectroscopy.”' To
obtain satisfactory modeling of the experimentally observed
oscillations shown in Figure Sa, an interfacial HBC layer with
different orientations from the successive MLs had to be
assumed. The best fit*® was obtained with d-spacings of d; = 3.4
Aand d,, = 12.5 A, which agree with the d(o,)-spacing of 11.93
A obtained by the XRR and GIXD measurements. These values
indicate that the molecules are lying down in the first ML,
which is also supported by a higher effective growth rate of the
first ML (the full fit parameter table is provided in the
Supporting Information). A nearly vanishing critical coverage of
0., means that the second upright standing HBC layer starts to
grow quasi simultaneously with the lying-down interfacial layer,
which therefore acts as a seed layer to initiate the crystal bulk

growth. The region where this transition occurs is highlighted
in gray in Figure S. From the model the surface roughness
during film growth can be calculated as shown in Figure 5c.*"**
It can be seen that after the transition from lying to upright
standing molecules the roughness remains virtually constant
after 10 completely filled MLs. Along with the low critical
coverages, this means that standing upright molecules grow in a
rather smooth quasi layer-by-layer fashion.

Figure 5d shows the growth oscillations during the
deposition of 75 A HBC on pristine HOPG at 300 K, where
the best fit was achieved with a vertical layer spacing of d = 3.37
A, corresponding to flat-lying molecules as determined from
XRD and NEXAFS. This finding perfectly supports our
identification of a new polymorph with coplanar-stacked
HBC molecules. The critical coverages are below 1% for all
layers, indicating that succeeding layers nucleate well before the
lower layer is filled, which is characteristic for a more
pronounced 3D island growth. However, since we observe
distinct growth oscillations, a classification as quasi LBL is
justified.

At elevated temperatures of 353 and 423 K on SiO, and at
353 K on HOPG the growth oscillations are damped
considerably stronger (see Supporting Information, Figure
S12). This can be explained by a more pronounced 3D island
growth, which results in a faster increase in surface roughness,
as found in the AFM data (see Figure 2).

4. DISCUSSION

Our comprehensive analysis of HBC thin films revealed
significant differences in the morphology and crystalline
ordering on SiO, and HOPG substrates. The molecular step
heights observed in AFM micrographs indicate an upright
molecular orientation of HBC molecules on SiO, and a lying-
down orientation on HOPG substrates. This interpretation is
further corroborated by XRD and NEXAFS measurements.
The observation of (00n)ypc reflections in XRR data and the
appearance of distinct in-plane diffraction peaks reveal that
HBC films on SiO, crystallize in the bulk phase with a (001)
texture. In such planes the molecules are uprightly oriented,
which is in good congruence with the average molecular
orientation of a = 73° + 7° determined independently by
NEXAFS spectroscopy, and form a herringbone arrangement as
depicted in Figure 6a. Such a film structure is commonly found
for 7-conjugated molecules, when they are deposited onto inert
substrates, where the molecule—substrate interaction is weaker
than the mutual molecule interaction®®*** and can be

Figure 6. Proposed molecular arrangements of HBC on (a) SiO,, (b)
(top) pristine HOPG, and (c) defective HOPG. (b) (bottom) Sketch
of the lateral arrangement of HBC on HOPG. Gray arrows denote the
unit cell of a monolayer,'” and the dashed line represents the distance
corresponding to the observed in-plane peak at g, = 0.53 A™".
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rationalized by minimization of the surface free energy. On the
other hand, for HBC films grown on HOPG no additional
diffraction peaks besides the substrate (0002) reflections were
observed in the XRR measurements. This indicates either the
presence of almost amorphous HBC films or results from
virtually identical vertical layer spacings in HOPG and HBC
films. As the AFM micrographs clearly evidence the formation
of smooth and well-ordered islands, the former reason can be
safely excluded. This finding therefore suggests a planar
stacking of HBC molecules, which consequently implies a
new packing motif. The NEXAFS measurements provide an
independent proof for this new arrangement. The quantitative
analyses of multilayer films on HOPG surfaces have yielded an
average orientation of the molecular ring plane with respect to
the HOPG surface of a = 16° + 4°/7° and therefore
correspond to a lying conformation. This determined
orientation cannot be explained by any crystallographic plane
of the HBC bulk structure. Due to the herringbone motif with
nearly perpendicular herringbone angle, which the molecules
adopt there, no dichroism corresponding to average tilt angles
below 42° is possible, even if one of the molecules was aligned
perfectly parallel to the surface or both molecules would adopt
a zigzag motif with minimal angle relative to the surface. This is
accentuated by the following consideration: The correlation
between the relative resonance heights for different measure-
ment angles (dichroism) and the corresponding molecular
orientation is strongly nonlinear. Consequently, e.g., a relative
change of the resonance heights at 30° and 90° by a factor of 2
does not result in a change of the determined molecular
orientation of 2. The relative ratio we observe for HBC/HOPG
is 18.5, while the molecular arrangement in the bulk phase with
the lowest effective TDM orientation (42°) exhibits a relative
ratio of 2.1 (further details with computed NEXAFS spectra for
different potential molecular packings in Supporting Informa-
tion). Therefore, the determined angle of 16° unambiguously
proves that the molecules have crystallized in a new polymorph
with a coplanar orientation on HOPG. We note that this
situation closely resembles the adsorption of perfluorinated
pentacene on HOPG substrates, where also a new coplanar
polymorph instead of the bulk herringbone polymorph is
formed.” The new crystalline phase is further characterized by
an additional in-plane diffraction peak at g, = 0.53 A™', which
corresponds to a lateral interlayer spacing of d = 11.8 A.
Previous studies have shown that HBC monolayer films adopt a
lattice-matched structure on HOPG surfaces.'”** The
hexagonal ad-layer has a 2D lattice parameter of 13.7 A and
forms molecular rows with a separation of 11.8 A as
schematically depicted in Figure 6b. Note that in contrast to
low-energy electron diffraction (LEED), where the 2D lattice
parameters are observed, the in-plane GIXD measurements of
multilayer films detect crystalline planes that are oriented
perpendicular to the substrate surface. Therefore, the observed
lattice planes with a spacing of d = 11.8 A clearly show that a
substrate-induced coplanar stacking is also maintained in HBC
multilayer films. Although the exact stacking motif could not be
derived from the present measurements, we suggest a lateral
shift and rotation between vertically stacked molecules like in
graphite in order to minimize electrostatic repulsion between
adjacent molecules, as also predicted for stacked coronene
molecules.*

Coplanar stacking of HBC has also been observed for thin
multilayer films grown on Au(111) and Cu(111).'° However,
on those substrates, this new packing motif is only maintained

in a few layers, whereas a molecular reorientation occurs on
Ag(111) immediately beyond the first monolayer.'® Generally,
on metal surfaces molecules are chemisorbed and form a
densely-packed seed layer with planar adsorption geometry. As
a consequence, the large adsorption energy on metal substrates
hampers any relaxation such as lateral displacement or slight
lifting of molecules at the interface in order to compensate a
possible lattice mismatch between the substrate-induced
monolayer structure and energetically favorable molecular
film structures. Consequently, further molecules cannot pursue
this template structure and will in many cases undergo a
transition to upright growth or exhibit a pronounced
islanding.46 Quite differently, rather smooth HBC multilayer
films are formed on HOPG, which is attributed to the close
match between the graphite lattice and the carbon frame of
HBC, as well as the flexibility to precisely match the molecular
lattice,” enabled by the weak adsorption energy of aromatic
molecules on graphite*’ and the absence of strong chemical
reactions between adsorbate and surface as expected in the case
of metal substrates. Our analysis shows furthermore that the
template effect and the formation of a substrate-mediated
polymorph depend, however, critically on the coherence of the
substrate lattice, since on defective HOPG substrates HBC
grows in an upright orientation with an average tilt of @ = 65°
+ 7° and adopts the crystalline bulk phase as on SiO,.

Analysis of X-ray reflectivity at the anti-Bragg point allowed
studying the growth dynamics in situ during the nucleation
process. From this scenario we conclude that also on SiO, the
HBC molecules initially adopt a lying orientation in the first
layer which, however, changes into an upright orientation upon
further deposition. By contrast, the lying orientation remains
stable on HOPG with an interlayer spacing of d = 3.37 A. This
independently verifies the identification of a new polymorph of
flat-lying HBC molecules and shows the stability of a
crystalline, lying arrangement well into the multilayer regime.
Finally, we note that the resulting film morphology also
depends strongly on the substrate temperature during
deposition. According to the large molecular mass of HBC,
thermally activated diffusion is expected only at elevated
temperatures, as the high mass results in a low value of the pre-
exponential factor determining the diffusion rates.*® In fact, the
size of HBC crystallites formed on SiO, increases with growth
temperature (see Figure 2). By contrast extended crystalline
HBC islands are formed on pristine HOPG already at room
temperature, indicating a reasonable mobility of planar
molecules. Moreover, increasing the temperature upon growth
or postdeposition annealing causes substantial dewetting of
such HBC films. This can be rationalized by the low surface
coordination of the recumbently oriented molecules which
yields a hi%h surface free energy, as shown for the case of
pentacene.4

The observation of such a strong modification of the crystal
structure in multilayer films on HOPG compared to the bulk
structure (planar arrangement vs herringbone arran;ement) has
to our knowledge only been reported for PFP.” While for
numerous other compounds like pentacene® and pentacene-
tetrone®* in mono- and multilayers recumbent orientations
have been observed on HOPG, these always correspond to the
known bulk structures. A planar stacking arrangement in the
crystalline lattice is frequently found for substituted PAHs (e.g.,
PTCDA, pentacenetetrone) which exhibit notable polarity
within the molecular ﬂ—sgrstem and thus lead to additional
electrostatic interactions.” In contrast, at present there is no
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comprehensive theory which explains decisively why some
compounds nucleate in a new polymorph with planar
configuration, which remains stable even in multilayer films
while others relax into their bulk structure. It may be expected
that in the near future crystal prediction theory will allow for
such projections.>® The present study appears especially
important, as quantum calculations of Grimme have shown
that in large molecules consisting of more than about 15 atoms
the enhanced dispersion between planar stacked molecules
exceeds their electrostatic repulsion significantly, which favors
stacking of 7-conjugated molecules.>* This further stresses the
requirement for experimental data on well-defined model
systems consisting of comparably large organic molecules like
HBC. Since our results support this projection, it is expected
that our findings will stimulate further theoretical work along
this direction. In addition, we provide some correlations
between the stability of coplanar packing and the correspond-
ing compounds. One striking similarity between PFP and HBC
is the nearly perfect perpendicular herringbone angle between
both molecules in the unit cell and their similar slip-stacked
pattern (cf. Supporting Information, Figure S13). In other
compounds like pentacene, where no interface-mediated
polymorph with coplanar stacking is found, such a
perpendicular herringbone angle is not present. In the case of
PFP it has been argued that the packing motif in the new
polymorph is partially inherited from the bulk structure, which
rationalizes the stability of the polymorphism (see Supporting
Information, Figure S13). Therefore, this may also be expected
for the HBC polymorph. Furthermore, the face-on-edge
herringbone orientation of HBC in the bulk structure is
probably only slightly advantageous to a planar configuration
regarding its energetic stability. This is due to the weak
polarizability of the C—H bonds as well as the reduced effective
contact area between two HBC molecules in a face-to-edge
configuration resulting from the discotic shape of HBC, which
leads to a comparably weak energetic stabilization of this
configuration compared to, e.g., pentacene. This interpretation
is further supported by the frequent occurrence of liquid-
crystalline phases for discotic molecules similar to HBC.
Though these are not perfectly crystalline, they still exhibit
distinct molecular arrangements. In the arrangements of such
discotic liquid crystals, again coplanar motifs are frequently
found."> The initial HBC molecules form a flat-lying
monolayer, which due to the lattice matching of the molecular
carbon frame and the HOPG substrate also results in a laterally
well-defined seed layer. This slight constraint compared to free
nucleation (as, e.g., in crystal growth) results in nucleation in
the energetically nearly equivalent coplanar polymorph.

5. CONCLUSIONS

The present study shows that highly ordered graphite
substrates serve as an ideal template for the preparation of
well-ordered polycyclic aromatic hydrocarbon films. The
combination of weak interaction between the substrate and
the adsorbate and the structural compatibility of the substrate
surface lattice and the molecular carbon frame enables a
nucleation of HBC and other PAHs’ in coplanar geometry,
even though they exhibit a herringbone arrangement in the bulk
structure. In the case of HBC such a coplanar stacking is also
maintained in multilayer films, thus yielding a new interface-
stabilized polymorph. By contrast, HBC films on SiO, form
polycrystalline islands, which adopt the known bulk polymorph,
hence demonstrating that the choice of the substrate directly
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allows controlling the crystalline structure of the HBC films.
Although also the lateral placement of the individual molecules
affects the coupling of stacked molecules and therefore the
charge carrier transport efficiency,”>** such a coplanar stacking
is expected to largely enhance this transport property along the
surface normal of HBC films on HOPG since the overlap of
molecular orbitals is clearly enhanced compared to the
herringbone arrangement in the bulk structure.”?*>®

The strategy of obtaining a template-induced coplanar
stacked polymorph in organic multilayer films on HOPG
substrates appears very promising for supramolecular archi-
tecture of new carbon materials and may open new
opportunities in material science, e.g., for the preparation of
nanographenes in molecular columns. Particularly important
for the template effect is, however, a long-range ordering of the
graphite substrate since surface defects largely reduce the effect
of prealigning of molecules, which instead adsorb in an upright
orientation and continue to grow as (001)-oriented films
adopting the bulk structure.
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