
Japan Advanced Institute of Science and Technology

JAIST Repository
https://dspace.jaist.ac.jp/

Title

Crystallographic and morphological

characterization of thin pentacene films on

polycrystalline copper surfaces

Author(s)
Oehzelt, M.; Resel, R.; Suess, C.; Friedlein, R.;

Salaneck, W. R.

Citation
Journal of Chemical Physics, 124(5): 054711-1-

054711-6

Issue Date 2006-02-03

Type Journal Article

Text version publisher

URL http://hdl.handle.net/10119/4519

Rights

Copyright 2006 American Institute of Physics.

This article may be downloaded for personal use

only. Any other use requires prior permission of

the author and the American Institute of Physics.

The following article appeared in M. Oehzelt, R.

Resel, C. Suess, R. Friedlein, W. R. Salaneck,

Journal of Chemical Physics, 124(5), 054711

(2006) and may be found at

http://link.aip.org/link/?JCPSA6/124/054711/1

Description



Crystallographic and morphological characterization of thin pentacene
films on polycrystalline copper surfaces

M. Oehzelta� and R. Resel
Institute of Solid State Physics, Graz University of Technology, Petersgasse 16, A-8010 Graz, Austria

C. Suess, R. Friedlein, and W. R. Salaneck
Department of Physics (IFM), Linköping University, S-581 83 Linköping, Sweden

�Received 3 August 2005; accepted 18 November 2005; published online 3 February 2006�

The degree of crystallinity, the structure and orientation of crystallites, and the morphology of thin
pentacene films grown by vapor deposition in an ultrahigh vacuum environment on polycrystalline
copper substrates have been investigated by x-ray diffraction and tapping-mode scanning
force microscopy �TM-SFM�. Depending on the substrate temperature during deposition, very
different results are obtained: While at 77 K a long-range order is missing, the films become
crystalline at elevated temperatures. From a high-resolution x-ray-diffraction profile analysis, the
volume-weighted size of the crystallites perpendicular to the film surface could be determined. This
size of the crystallites increases strongly upon changing temperature between room temperature and
333 K, at which point the size of individual crystallites typically exceeds 100 nm. In this
temperature region, three different polymorphs are identified. The vast majority of crystallites have
a fiber texture with the �001� net planes parallel to the substrate. In this geometry, the molecules are
oriented standing up on the substrate �end-on arrangement�. This alignment is remarkably different
from that on single-crystalline metal surfaces, indicating that the growth is not epitaxial.
Additionally, TM-SFM images show needlelike structures which suggest the presence of at least one
additional orientation of crystallites �flat-on or edge-on�. These results indicate that properties of
thin crystalline pentacene films prepared on technologically relevant polycrystalline metal substrates
for fast electronic applications may be compromised by the simultaneous presence of different local
molecular aggregation states at all temperatures. © 2006 American Institute of Physics.
�DOI: 10.1063/1.2150826�

I. INTRODUCTION

While oligoacenes have been studied for more than a
century,1 interest in their use as crystalline or polycrystalline
electronic materials has recently been boosted by the obser-
vation of high charge-carrier mobilities.2 In the last few
years, pentacene was successfully used as the active medium
in organic field-effect transistors �OFETs�,3–7 Schottky
diodes,8–10 and photodiodes.11–18 Oligoacenes are even inter-
esting as a dye in organic solar cells.19

The large-scale integration of organic semiconductors
into electronic devices often requires the use of technically
relevant, polycrystalline metallic substrates. OFET devices
using polycrystalline copper electrodes have been fabricated
that perform as well as devices with gold contacts.20 The
interface between the molecules and polycrystalline copper
substrates, especially as it affects the quality of the thin or-
ganic films, is in the focus of the present paper.

The crystal structures of bulk and thin films of pentacene
�see Fig. 1� are still under discussion. Many polymorphs
have been observed:21,22 the single-crystal phase, denoted as
s,23,24 a so-called vapor-deposition phase, denoted as v,25–29

and an additional thin-film phase, denoted as t.30–34 With
x-ray-diffraction techniques, the three different polymorphs

can be distinguished by their �001� net plane spacings. The
plane spacing d is 14.5 Å for s, 14.1 Å for v, and 15.4 Å for
t. Several phase transitions have been reported: one between
s and v under high pressure35 and another one between t and
s induced by a solvent.22 In vapor-deposited thin films, s and
t usually coexist.36–44 It is important to understand for which
film thicknesses and under which conditions the single-
crystal phase s occurs and when the three polymorphs might
coexist.

II. EXPERIMENT

The films were prepared in ultrahigh vacuum �UHV,
base pressure of 1�10−10 mbar�.45 About 150-nm-thick cop-
per films on oxidized Si�100� wafers were cleaned by
Ne+-ion etching followed by annealing at about 550 K in
UHV. After cleaning, no traces of carbon and only a small
amount of oxygen were detected by x-ray photoelectron
spectroscopy �XPS�. The organic molecules were then de-
posited from a resistably heated crucible �at constant tem-
perature� onto the copper substrates, held at temperatures of
either 77, 273, 293, 303, 313, 323, or 333 K. The deposition
rate was less than 1 nm/min. The deposition of pentacene on
copper substrates at temperatures higher than 333 K is not
possible in vacuum, since the molecules do not adsorb on the
substrate surface at these temperatures.a�Electronic mail: martin.oehzelt@tugraz.at
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Following preparation, the samples were transferred in
air to x-ray diffractometers and to the tapping-mode scanning
force microscope and were characterized ex situ under am-
bient conditions. Various x-ray-diffraction methods have
been applied, providing complementary information. � /2�
measurements were used to determine the crystallographic
phases in the samples. The data were obtained from a Si-
emens D501 diffractometer in Bragg-Brentano geometry us-
ing Cu K� radiation monochromatized with a secondary
graphite monochromator. With this technique, only net
planes parallel to the surface of the substrate can be ob-
served. The resolution was sufficient to allow a line-profile
analysis for the determination of the volume-weighted size
of the crystallites and of the strain within the organic layer.
The instrumental parameters were determined using the line-
profile standard LaB6 NIST SRM 660a. In order to determine
the relative orientation of crystallites with respect to the sub-
strate surface, the x-ray-diffraction pole-figure method was
employed.46–52 The measurements were performed in
Schultz reflection geometry53 in a Philips X’Pert system with
an ATC3 texture cradle using Cr K� radiation and a second-
ary graphite monochromator. For the x-ray-diffraction
�XRD� data evaluation, the software packages POWDER CELL

2.3 �Ref. 54� and STEREOPOLE �Ref. 55� were used.
Complementary to the x-ray-diffraction measurements,

tapping-mode scanning force microscopy �TM-SFM� was
performed to obtain information about the morphology of the
organic layers. Details of the measurements in a Nanoscope
IIIa system �Digital Instruments, Santa Barbara, CA� are
given elsewhere.56

III. RESULTS AND DISCUSSION

In Fig. 2, the x-ray pattern of the � /2� scans for penta-
cene films prepared at 77, 293, 323, and 333 K is shown.
The absence of diffraction peaks for the 77 K film indicates
the missing of detectable long-range order. On the other
hand, elevated temperatures during the film growth induce
order. At 293 K, mainly the thin-film phase t grows on the
substrate. Beginning with 323 K, also a small amount of the
single-crystal phase s is detected. At a transition temperature
of about 330 K, just a few degrees below the temperature
where multilayer films could not be made anymore under
vacuum conditions, the crystal growth mode changes again
considerably. The main polymorphs at this deposition tem-
perature are the two single-crystal structures. Figure 3 illus-
trates this dramatic change in the structural composition of
the films. At higher angles of the � /2� scans �not shown�,
copper peaks were also detected. With the Scherrer method57

the crystallite size of the copper substrate could be deter-
mined to be approximately 10 nm for all the samples.

This transition and the coexistence of the single-crystal
phase and the thin-film phase have already been reported
for growth on passivated �oxidized� surfaces of SiO2

�Refs. 36–42� and for Al2O3 �Ref. 43� as well as for Corning
glass.44 To the knowledge of the authors a coexistence of
three of the polymorphs of pentacene has not been reported
until now. To distinguish between the various phases, high-
resolution measurements are required, especially since the
vapor-deposition and single-crystal phases have a very simi-
lar d�001� spacing. In Fig. 2, the two bulk phases are clearly
distinguished in the x-ray pattern for the 333-K film. This
pattern also indicates that the crystallites for these three pen-
tacene polymorphs have predominantly a �001� orientation.
That is, the molecules are standing on the substrate surface
with the long molecular axes perpendicular to the surface
�end-on alignment�.

In the Bragg-Brentano geometry, reflections of net
planes parallel to the surface of the substrate are detected.
The line-profile analysis of these high-resolution patterns re-
veals information on the crystallite size and the strain in the
direction perpendicular to the substrate surface. The accuracy
of the line-profile analysis depends crucially on the separa-
tion of the instrumental broadening from the intrinsic line-
width generated by the sample itself. For an analytical ex-
pression of the broadening of the instrument, the model of
Caglioti et al.58 was adopted using the LaB6 standard. In
order to separate the two remaining intrinsic contributions,
due to strain and the size of the crystallites, from each other,
a Williamson-Hall analysis59 is applied:

FIG. 1. Chemical structure of pentacene.

FIG. 2. � /2� scans of thin pentacene films deposited at substrate tempera-
tures of 77, 293, 323, and 333 K onto polycrystalline Cu substrates, indicat-
ing the evolution of three different polymorphs with the substrate tempera-
ture during deposition of pentacene. The abbreviation of the peaks t, s, and
v denote the thin-film, the single-crystal, and the vapor-deposition phases,
respectively.

FIG. 3. Evolution of the relative intensities of the thin-film phase ��� with
respect to the two bulk phases ��� as a function of the substrate temperature
during the deposition of the organic material.
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b�s� = 1/�l�V + �2���2� · s . �1�

Here, s is the length of the scattering vector, b�s� is the
integral width of the peak, and �l�V is the volume-weighted
column length which is in this case the volume-weighted
crystal size perpendicular to the surface. ��2� is the mean-
square �local� strain, whereas the whole root expression is
the root-mean-square strain �rms strain�.

The scattered intensity for the �001� net planes and its
higher-order �002� and �003� reflections from the � /2� scans
depicted in Fig. 2 were high enough to allow a peak profile
analysis. Pseudo-Voight-shaped profile functions were used
to fit the individual peaks.60,61 The Williamson-Hall plots
are depicted in Fig. 4. For each sample the three points
are on line which reveal the desired parameters: 1 / �l�V

= �0.0077±0.0009� cm−1 and rms strain= �0.0059±0.0006�
for the 293 K sample, 1 / �l�V= �0.0066±0.0009� cm−1 and
rms strain= �0.0064±0.0007� for the 323 K sample, as
well as 1 / �l�V= �0.0115±0.0005� cm−1 and rms strain
= �0.0047±0.0003� for the 333 K sample. From this fit pa-
rameters, the volume-weighted size of the crystallites per-
pendicular to the substrate surface amounts to �129±15� nm
for the 293 K sample, �150±20� nm for the 323 K sample,
and �87±4� nm for the 333 K sample.

In addition to the symmetric � /2� measurements, x-ray
pattern in pole-figure geometry were recorded. In this geom-
etry, net planes that are inclined with respect to the substrate
can also be observed. The distribution of a single net plane
specified by the 2� value of the sample is recorded and re-
sults in the determination of the spherical distribution of that
net plane. As the index of the net plane parallel to the sub-
strate surface is already known from the � /2� scans, the
appropriate distribution of the azimuthal crystallite orienta-
tion is uniquely determined46,48 and represented in the pole
figures. Figure 5 shows two of these patterns: the upper one
is recorded for the �002� plane of copper, while the lower
pattern shows the distribution of planes with the net plane
distance of 4.5 Å for the pentacene film deposited at 333 K.
For this distance, the net planes from the single-crystal struc-
ture s, �110�, and from the vapor-deposition structure v,
�112�, generate intensities. Both planes are easily distin-
guished as they appear at different angles with respect to the
�001� plane visible by the different ring radii in the pole

figure. A rather homogeneous distribution of pole densities
along the rings implies that while the specific net plane is
essentially parallel to the substrate surface, the azimuthal
angle of this plane is equally distributed. That is, the azi-
muthal orientation of the crystallites is random. This type of
distribution of pole densities along the rings is called “fiber
texture” �see Fig. 5�.

The radial pole density along a line through the center of
the pole figure is a rocking curve. The peak width of the
rocking curves �which means in this case the width of the
recorded rings� is a measure of the spread and alignment of
the crystallites with respect to the substrate. For the penta-
cene film made at 333 K, the width of the Cu pole densities
�see Fig. 5, upper pole figure� is much larger than that of the
individual pentacene rings. Crystallites of the copper sub-
strate are therefore less aligned to each other than those of
the organic layer.

The main result of this study is that major parts of the
pentacene films grown at ambient substrate temperatures
have a �001� orientation �end-on� independent of the specific

FIG. 4. Williamson-Hall plot of pentacene films deposited at 293, 323, and
333 K. The lines connecting the peak series are linear least-squares fits. The
inverse of the ordinate interception equals the volume-weighted size of the
crystallites in the film. The slope represents the root-mean-square strain.

FIG. 5. Pole figure of the copper substrate �above� and the pentacene layer
deposited at 333 K �below�. Both show a fiber texture but the angular spread
of the alignment of copper is much higher as it is for the pentacene layer and
its polymorphs, as indicated by the width of the rings.
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distribution of crystal phases. This particular orientation of
the crystallites is remarkably different as on many metallic
surfaces pentacene molecules are lying �flat-on�,62,63 leading
to a clearly different alignment of the net planes.64–68 A flat-
on or edge-on arrangement is observed for a number of or-
ganic molecules on single-crystal surfaces. For example, the
rodlike molecule quaterphenyl �with an isomorph crystal
structure� prefers to lie when deposited on the Au�110�
substrates.69,70 Other examples are large discotic polyaro-
matic molecules, such as copper phthalocyanine and hexa-
peri-hexabenzocoronenes, which in films of a thickness simi-
lar to that in our films are oriented flat-on on the Au�110� and
MoS2�0001� single-crystal surfaces, respectively.56,71 Note
that on the technically relevant polycrystalline substrates, the
orientation of both copper phthalocyanine71 and pentacene
molecules is radically different from that in films grown on
single crystals.

In the present pentacene/polycrystalline Cu system, the
domains in the substrate are typically smaller than 10 nm,
not much larger than the length of the molecules of about
1.5 nm. Since the molecular orientation is different to that on
single-crystal substrates and since the lateral size of penta-
cene crystallites is far larger than that of the domains in the
underlying substrate, it is obvious that the formation of pen-
tacene crystallites is not driven by the interaction with the
substrate. It appears that the substrate domains are too small

to form a template suitable to initiate epitaxial growth. These
considerations might explain why the pentacene crystallites
grow end-on.

TM-SFM images of layers grown at different tempera-
tures are presented in Fig. 6. The film grown at 77 K shows
very small grains. Since the x-ray pattern is featureless, a
long-range order in these grains is missing. At elevated tem-
peratures, the grains become larger and a terracelike mor-
phology develops which is consistent with an end-on ar-
rangement of the molecules. The transition from the thin-film
phase to the bulk phases does not change the morphology of
the films.

Additionally to the terracelike morphology needles have
been observed in films prepared at various substrate tempera-
tures. Figure 7 shows such a structure for a 303-K film.
Needlelike structures sometimes result from molecules lying
at the substrate.51,52 For such an orientation, Bragg reflec-
tions other than those of the �001� series have to be present
in the x-ray pattern. And indeed, a peak at around 24.1° in
the � /2� scan of the film deposited at 323 K �Fig. 8� cannot
be explained in terms of the �001� orientations of the net
planes parallel to the substrate surface. This position matches
the �022� peak of the polymorph v.44 The same peak is
present for films made on Corning glass,44 but it is not

FIG. 7. TM-SFM image of a pentacene film deposited at a substrate tem-
perature of 303 K showing a needlelike structure. The overview shows a
5�5 �m2 region of the sample. The three-dimensional image is a close-up
region of 2�2 �m2 displaying details of the needle morphology.

FIG. 6. The morphology of pentacene films deposited on polycrystalline copper substrates at different substrate temperatures. All TM-SFM images show
5�5 �m2 sections of the surface. The gray scale ranges from 0 to 30 nm for the films prepared at 77 and 313 K. For the third image the scale ranges from
0 to 20 nm.

FIG. 8. � /2� scans of pentacene thin films deposited at substrate tempera-
tures of 323 and 333 K. The scan of the film deposited at 323 K shows
clearly an additional orientation to the �001� orientation.
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indexed. The �022� plane is also a cleavage plane �Fig. 9�
and indicates that the growth of the needles occurs with this
plane parallel to the substrate.

From the TM-SFM images in Fig. 6, the lateral dimen-
sions of the grains can be estimated to be about 1 �m in
diameter. However, it should be assumed that individual
grains consist of more than one crystallite. As the substrate is
not seen in the images, the height of the crystallites is not
accessible by TM-SFM. This parameter can be determined
by a line-profile analysis of the x-ray measurements shown
in Fig. 4 followed by a size/strain analysis. The average
height increases from about 129 nm at 293 K to about
150 nm at 323 K. In the transition region at about 333 K,
where a mixture of all three polymorphs is present, the crys-
tallite size is with about 87 nm considerably lower. The
evaluation of the rms strain within the film rounds up the
picture: 0.0059 at 293 K, 0.0064 at 323 K, and 0.0047 at
333 K. That is, strain is mainly constant near the transition
point at 330 K and is released at higher temperature.

IV. CONCLUSION

The growth of thin pentacene films on technically rel-
evant polycrystalline copper substrates has been studied as a
function of the substrate temperature during the deposition of
the organic film. While at low temperatures �77 K� a long-
range order is missing, at ambient temperatures molecules
are mobile enough to form a multitude of crystalline phases.
In particular, three different polymorphs are observed where
the composition of the films changes at a phase-transition
temperature of about 330 K from the thin-film polymorph to
the two single-crystal bulk structures. However, independent
of the temperature, the large majority of crystallites align
with the �001� net planes parallel to the substrate. Only a
minor contributions are needlelike structures where the mol-
ecules have a flat-on arrangement with respect to the sub-
strate surface.

The observed dominant end-on molecular alignment and
therefore the orientation of crystallites are remarkably differ-
ent from that in pentacene films grown on single-crystal cop-
per surfaces. Evidence is found that the texture of the organic
films does not follow the texture of the underlying polycrys-
talline copper substrate. This indicates that when the grains
in the substrate are too small, the interaction between the
molecules and the surface becomes too weak to allow epi-
taxial growth.

While the films made at ambient temperatures are over-
all remarkably crystalline, the simultaneous presence of sev-
eral crystalline phases cannot be avoided when using poly-
crystalline copper substrates but is controlled by the choice
of the deposition parameters and the substrate quality. Con-
sequences for the transport of charge carriers and for the
functioning of organic electronic devices based on pentacene
may be severe and remain to be investigated in detail.
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