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Quaterphenyl thin films were grown on Au(1 1 1) surfaces which were intentionally covered by different amounts of

carbon. The films were investigated by X-ray diffraction and atomic force microscopy. An epitaxial character of the

quaterphenyl crystallites could be confirmed for films grown on a clean Au(1 1 1) surface, with the (2 1 1) plane of

quaterphenyl parallel to the Au(1 1 1) surface. It was found that the in-plane orientation of the quaterphenyl crystallites

is determined by aligning the long molecular axes along h1 1̄ 0iAu and h1 1 2̄iAu, facing the aromatic units of the

molecules parallel to Au(1 1 1). Carbon coverages of 15% or 50% of the Au(1 1 1) surface cause a change in the

orientation of the crystallites and a loss of the epitaxial orientation of the crystallites. In case of 15% carbon coverage

the (2 0 1) plane of quaterphenyl crystallites develops parallel to Au(1 1 1), and 50% carbon coverage causes a (0 0 1)

orientation of the crystallites. Both planes are cleavage planes of quaterphenyl. In case of the film morphology consists

of aligned needles for quaterphenyl films grown on the clean Au(1 1 1) surface, bent and randomly oriented needles at

15% carbon coverage and of uniformly distributed hillocks at 50% carbon coverage. The corresponding morphologies

can be explained by the crystal structure features of quaterphenyl in combination with the orientation of the molecules

within the thin films.
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1. Introduction

Crystalline organic semiconductors show a huge
anisotropy in charge transport as well as in their
optical characteristics [1]. Therefore, the perfor-
mance of these materials in electronic and opto-
electronic devices (e.g. in thin film transistors)
depends crucially on the utilization of this
anisotropy. Since most of the applications are
based on thin films, detailed knowledge about the
thin film formation and of the involved growth
parameters is essential [2].

Quaterphenyl (p-4P, C24H18) is an aromatic
molecule of the oligo-phenylene series and a
frequently studied model system for organic thin
film studies [3–5]. Like other rod-like aromatic
molecules, p-4P crystallizes in layers of parallel
molecules with a layer thickness of approximately
the length of one molecule. Within the layers the
aromatic planes are in herringbone arrangement
[6]. Theoretical studies reveal that the herringbone
arrangement is formed by electrostatic quadrupole
interactions between aromatic molecules which
exceed their van der Waals interactions [7].
However, between the layers only van der Waals
interactions are present.

Thin films of p-4P show a strong tendency to
crystallize [3]. Crystallites with upright standing
molecules (‘‘end-on’’) as well as with lying
molecules (‘‘edge-on’’ or ‘‘flat-on’’) are found [4].
In the latter case typical needle-like morphology is
observed [5]. Some work has already been done
with respect to p-4P thin films on Au(1 1 1): the
epitaxial growth has been demonstrated [8] and the
growth and energetics in the monolayer and in the
multilayer regime were also studied [9]. The
influence of a carbon layer to the monolayer
properties was also investigated [10]. The present
work describes the role of the organic-substrate
interface in thin film growth: the transition of the
monolayer structure to the thin film bulk structure
and final morphology.
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2. Experimental techniques

Quaterphenyl thin films were prepared by
organic molecular beam deposition (OMBD)
TED P
ROOF

under UHV conditions on defined carbon pre-
covered Au(1 1 1) surfaces [10]. The carbon cover-
age was 50%, 15% and 3%. Since a low carbon
coverage of 3% does not have any influence on the
monolayer structure of the film, this surface was
treated as a clean Au(1 1 1) surface. During the
thin film deposition the substrate was kept at a
temperature of 300K and the deposition rate was
0.3 nm/min, controlled by a quartz microbalance.
The final film thicknesses were between 20 and
30 nm.
X-ray diffraction (XRD) Y=2Y investigations

(specular scans) were performed partly by a
SIEMENS D501 diffractometer using CuKa
radiation and a bent secondary graphite mono-
chromator. Some Y=2Y investigations as well as
the pole figures were taken on a PHILIPS X0PERT
system equipped with an ATC3 Eulerian cradle
using CrKa radiation. A flat graphite monochro-
mator was used on the secondary side which was
transparent for l ¼ CrKa and also for wave-
lengths of l=2, l=3 y (higher harmonics). In
addition to the low scattering signal of the organic
film, scattering of higher harmonics on the gold
single crystal substrate was observed, too. The X-
ray diffraction pole figures were taken in Shultz
reflective geometry. The pole figures were mea-
sured in c=j steps of 11/31, respectively; the
measurement time for each c=j pair was 12 s.
The crystallographic software POWDERCELL
was used to determine 2Y values and intensities
of the diffraction peaks [11]. Spherical projections
of the crystal structures and their comparison with
the experimental pole figures were performed by
STEREOGRAM [12]. The simulations were per-
formed on the basis of the room temperature
structure of p-4P (a ¼ 8:11 (A, b ¼ 5:61 (A,
c ¼ 17:91 (A, b ¼ 95:81) which represents a flat
molecular conformation (all four phenyl rings are
arranged in one plane) [13]. The crystal structure
of Au is taken as face-centred cubic with
a ¼ 4:0784 (A.
Atomic force microscopy (AFM) was performed

with a Digital Instruments Multimode IIIa scan-
ning probe microscope equipped with a
100 mm� 100 mm� 5 mm scanner. The measure-
ments were performed in tapping mode under
ambient conditions. A low scan speed had to be
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applied to image the three-dimensional crystallite
shape with high precision. To quantify the vertical
film roughness, the rms roughness was calculated
as the average of three independent images up to
50 mm� 50 mm size.
TED P
ROOF
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Fig. 1. Specular scans of quaterphenyl films grown on (a)a

clean Au(1 1 1) surface, (b) on the Au(1 1 1) surface which was

covered by 15% with carbon (c) and on the Au(1 1 1) surface

50% covered by carbon. The scans depicted in (a) and (b) were

measured with CrKa radiation; in case of (c) CuKa was used.
UNCORREC

3. Experimental results

Specular scans have been performed on all
samples in order to detect the crystallographic
planes of the p-4P crystallites which are parallel to
the surface of the substrate. Additional to the
strong 11 1 reflection of gold, weak reflections of p-
4P have been observed. Fig. 1 shows three specular
scans of p-4P films prepared on differently carbon
covered Au(1 1 1) surfaces. For p-4P grown on the
clean Au(1 1 1) surface, a single peak is observed at
2Y ¼ 42.231 which corresponds to an interplanar
distance of d ¼ 3:18 (A. This peak is identified as
the 211 reflection of p-4P (Fig. 1a). Based on the
knowledge of the arrangement of the molecules
within the unit cell of the quaterphenyl crystal
structure, it can be concluded that the (2 1 1) plane
represents molecules facing the aromatic plane
parallel to (1 1 1)Au (flat-on). The film grown on
the 15%C surface shows a dominant reflection at
2Y ¼ 34.671 (Fig. 1b) which corresponds to
d ¼ 3:84 (A. This peak is assigned to the 201
reflection, and it represents crystallites which are
built by molecules which have ‘‘edge-on’’ orienta-
tion relative to the substrate. Additionally, this
sample shows a weak trace of 211 at 2Y ¼ 42.231.
The specular scan of the film grown on the 50%
carbon covered surface is shown in Fig. 1c. A peak
at 2Y ¼ 5.151 (interplanar distance d ¼ 17:8 (A)
and higher order reflections of this peak are
observed. This peak series is assigned to the 00L
reflections of p-4P crystallites, since the peak
positions as well as the peak intensities (including
the missing 005 reflection) fit well to the calculated
values. The observation of this peak series reveals
that the orientation of the p-4P molecules within
the bulk of the film is ‘‘end-on’’ relative to the
substrate. In all three films the observed peaks can
be identified unambiguously from the room
temperature structure of p-4P; no traces of other
polymorph structures have been found.
Pole figures were taken at the calculated 2Y
positions of the strongest reflections of the p-4P
crystal structure. Fig. 2 shows pole figures of the
110 reflection taken from the film grown on clean
Au(1 1 1) surface (Fig. 2a) and of the film grown on
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Fig. 2. X-ray diffraction pole figures of the 110 reflection of

quaterphenyl films prepared on a clean (a) and a carbon

covered (15%) Au(1 1 1) surface (b) Full circles give the c-angle
in steps of 151, and dashed lines give the measurement limits.

Enhanced pole densities are marked by black areas, and crosses

denote intensity arising due to the Au(1 1 1) substrate.

Fig. 3. Orientation of the molecules relative to the surface for

the three observed cases: (a) the ‘‘flat-on’’ alignment on the

clean Au(1 1 1) surface, (a) the arrow (�) denotes the long

molecular axes aligned along h1 1 0iAu and h1 1 2iAu, (b); the

‘‘edge-on’’ alignment on a 15% carbon covered Au(1 1 1)

surface and (c)the ‘‘end-on’’ alignment on a Au(1 1 1) surface

covered 50% by carbon .

R. Resel et al. / Journal of Crystal Growth ] (]]]]) ]]]–]]]4
UNC15% C surface (Fig. 2b). High intensities arising
due to diffraction of higher harmonics on the gold
single crystal substrate are marked by crosses. Fig.
2a shows individual areas of enhanced pole
densities (EPD) at c ¼ 221. Pairs of EPD are
clearly visible; one of these pairs is marked in Fig.
2a by a dotted ellipse. The fact that individual spots
are observed leads to the conclusion that an in-
plane alignment of the p-4P crystallites is present.
In agreement with previous results [8] it is
F

concluded that the long axes of the p-4P molecules
are parallel to ½1 1̄ 0�Au and ½1 1 2̄�Au (and their
symmetry equivalent directions). The alignment of
the molecules (in the bulk of the film) with respect
to the clean Au(11 1) surface is shown in Fig. 3a.
The molecules are projected along their long axes;
the arrow (�) denotes the direction of the long
molecular axes. Due to the herringbone arrange-
ment of the molecules within the bulk structure,
only every second molecule is oriented ‘‘flat-on’’.
The second half of the molecules is oriented ‘‘edge-
on’’ which results in an ‘‘edge-face’’ packing of the
molecules within the epitaxially ordered film. Note
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EC

that the 211 plane which is parallel to the surface of
the substrate does not represent a densely packed
crystal plane of the p-4P bulk structure.

The 110 pole figure of the sample prepared on
the 15% carbon covered surface reveals a ring-like
structure of the EPD at c ¼ 561 (Fig. 2b). The
presence of a ring instead of spots of EPDs reveals
the loss of in-plane alignment of the crystallites.
Fig. 3b gives the alignment of the molecules in the
bulk as concluded from the specular scan: their
long molecular axes are parallel to the surface of
the substrate and their aromatic planes are tilted
by 321 relative to the surface of the substrate
(‘‘edge-on’’). The pole figure reveals that no
distinguishable directions of the long molecular
axes along the surface of the substrate are present.

The experimental result on the thin film grown
on the 50% C surface reveals that the long axes of
the molecules are approximately perpendicular to
the surface of the substrate (‘‘end-on’’); in detail
they enclose an angle of 171 to the surface normal
of Au(1 1 1) as depicted in Fig. 3c. Since the strong
diffraction peaks of the p-4P structure are at c
angles larger than 751, no clear results have been
obtained in the pole figure investigations.

In Fig. 4, representative 50 mm� 50 mm AFM
images of the film morphology as a function of the
carbon coverage are shown. Fig. 4a gives the
morphology of the film grown on the clean
Au(1 1 1) surface which had a nominal thickness
of 20 nm. The morphology is dominated by p-4P
needles with widths from 500 nm up to 4 mm and
UNCORR

Fig. 4. 50mm� 50 mm AFM images showing the morphology of quate

15% carbon covered Au(1 1 1) surface and (c) on a 50% carbon covere

150 nm; the nominal film thickness is 20, 30 and 20 nm, respectively.
ED P
ROOF

heights of up to 200 nm. This results in an rms
roughness of 51 nm. Although the needle growth is
disturbed by scratches on the surface, there are
strong indications that only a limited number of
needle orientations (at least 12 in this image) are
allowed. Fig. 4b shows the morphology of the film
grown on the 15% C surface with an average film
thickness of 30 nm. The resulting morphology
consists of needles and plate-like structures. The
typical width of the features is 1 mm for the needles
and several mm for the plates. The height analysis
reveals a non-uniform height distribution with
peaks at 60, 90 and 120 nm [14]. The rms rough-
ness is reduced to about 43 nm.
The morphology of the film grown on the 50%

C surface is depicted in Fig. 4c, and the average
film thickness is 30 nm. The Au surface is covered
by a smooth film of p-4P with an rms roughness of
8 nm. The corrugation of the film is caused by
small hillocks with an average separation of
800 nm. The relative height of these hills with
respect to the surrounding surface level is around
20 nm. Detailed scans reveal that the hillocks are
of terrace-like nature with a typical step height
between the terraces of 1.7 nm corresponding to
one molecular length.
4. Discussion

In a previous surface science study it was found
that the clean Au(1 1 1) surface and the Au(1 1 1)
81
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rphenyl films grown (a) on the clean Au(1 1 1) surface , (b) on a

d Au(1 1 1) surface . For (a), (b) and (c) the z-scale is 500, 300and
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surface with 3% carbon coverage show different
surface mobility of p-4P molecules but the same
monolayer structure at room temperature [10].
The proposed alignment of p-4P molecules on the
Au(1 1 1) surface fit excellently to our XRD
results: the molecules are oriented ‘‘flat on’’ and
aligned along in-plane directions on the Au(1 1 1)
surface: h1 1̄ 0iAu and h1 1 2̄iAu.

Also the experimental findings at the 15%
carbon covered Au(1 1 1) surface fit well to our
results. The ‘‘edge-on’’ orientation observed for
molecules at the monolayer is confirmed in the
bulk. However, the alignment of the long mole-
cular axes with respect to the Au(1 1 1) surface is
less pronounced. While the LEED (low energy
electron diffraction) studies reveal an in-plane
alignment of the long molecular axes of p-4P,
within our pole figures (Fig. 2b) a random
orientation of the long molecular axes is formed.
Despite the low intensity in the pole figure (Fig.
2b) the expected 24 distinct areas of EPDs for
epitaxially aligned p-4P crystallites are not ob-
served.

The formation and structure of the first mono-
layer on the clean Au(1 1 1) and 15% carbon
covered Au(1 1 1) surface reveals the same mole-
cular orientation as it is received in this work from
XRD investigations. This leads to the conclusion
that the orientation of the molecules at the
inorganic/organic interface determines the forma-
tion (and orientation) of p-4P crystallites within
the bulk of the thin film.

The observation of a needle-like morphology of
the film grown on pure Au(1 1 1) and on the 15%
carbon covered Au(1 1 1) surface can be explained
by the molecular orientation within the first
monolayers in combination with the crystallo-
graphic properties of p-4P. Since it is known that
the energy gain for a single aromatic molecule is
highest by arranging itself within a herringbone
layer, the herringbone layer of the p-4P crystallites
continues along the needle axis resulting in an
alignment of the long molecular axes of p-4P
approximately perpendicular to the needle axis.
Starting the growth of crystallites from the
orientation of the molecules at the first monolayer,
the herringbone layer grows in two dimensions:
one dimension along the needle axis (along the
TED P
ROOF

surface of the substrate) and the second dimension
perpendicular to the substrate surface. The aniso-
tropic sticking of the p-4P molecules to already
existing crystallites results in a needle-like mor-
phology. The needles are huge in length and show
considerable height. A similar feature is observed
in sexiphenyl thin films [15]. p-4P films grown on a
50% carbon coated Au(1 1 1) surface show a
crystalline orientation with ‘‘end-on’’ molecules
(compare Fig. 3c). This molecular orientation
explains the morphology: the herringbone layers
grow in the two dimensions of the substrate
surface. It results in a relatively smooth thin film
surface with a terrace-like structure with a typical
step height of one molecular length [14,16].
The growth of p-4P on the clean Au(1 1 1)

surface can be classified as epitaxially ordered,
since the crystallites in the p-4P film show an in-
plane alignment with respect to distinguishable
crystallographic directions on the Au(1 1 1) sur-
face. The monolayer structure of p-4P molecules
(‘‘flat-on’’ orientation of the molecules and an
alignment along h1 1̄ 0i (and h1 1 2̄i) acts as
template for the subsequent film growth. All
possible crystal orientations (and alignments)
which could grow around such aligned molecules
are present: for molecules aligned along one
direction, totally four crystal alignments are
observed.
The situation is different for the crystal growth

on the 15% and 50% carbon covered Au(1 1 1)
surface. In these two cases the (2 0 1) and the (0 0 1)
plane, respectively, are formed parallel to the
surface of the substrate. These planes are densely
packed planes (cleavage planes) of p-4P crystal-
lites. This is a clear hint that the intermolecular
interactions dominate the formation of the crystal-
lites on the 15% and 50% carbon covered surface.
Obviously, the carbon coverage reduces the inter-
action between the substrate and the p-4P mole-
cules. In addition, the transition from three-
dimensional crystallites to terrace-like hillocks
caused by increasing the carbon coverage is
accompanied by a significant reduction in the
films rms roughness (from about 50 nm for the
bare Au(1 1 1) surface to 8 nm for the 50% C
surface.
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5. Conclusion

This work shows that small amounts of carbon
on the Au(1 1 1) surface have drastic consequences
to the orientation of the quaterphenyl (p-4P)
crystallites as well as to the thin film morphology.
Evaporation of p-4P on a clean Au(1 1 1) surface
results in epitaxially oriented p-4P crystallites and
molecules ‘‘flat-on’’ the surface of the substrate. A
15% carbon coverage of the Au(1 1 1) surface
changes the orientation of the crystallites to the
(2 0 1) plane parallel to the Au(1 1 1) surface with
an orientation of the molecules ‘‘edge-on’’ within
crystallites. The typical morphology of the p-4P
films at these low carbon coverages at Au(1 1 1)
surfaces is needle-like. The formation of needles is
a consequence of anisotropic sticking of the
molecules to the already existing p-4P crystallites.
50% carbon coverage of the Au(1 1 1) surface
leads to upright standing p-4P molecules (‘‘end-
on’’) with the typical terrace-like morphology.
Since the anisotropic sticking happens at the edges
of the terraces a quasi-two-dimensional growth
appears with comparable smoother surface rough-
ness.
 TE 59
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