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We present the results of photoemission electron microscopy investigations of diindenoperylene thin films
deposited by organic molecular-beam deposition on polycrystalline gold at room temperature. Our findings
revealed the existence of a different molecular orientation, besides the already known � and � phases, char-
acterized by an intermediate tilt angle. In thicker film regions, the energy of the films is minimized by a
molecular arrangement that has an asymptotic tendency to the upright standing position. We have interpreted
our results by using basic concepts in terms of relative strength of the substrate-molecule and molecule-
molecule interactions.
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I. INTRODUCTION

Organic materials have been extensively investigated in
the recent decades. They were considered very appealing not
only from a purely academic interest as a new class of ma-
terials but also because of their promising properties toward
potential electronic applications. Nowadays organic-based
displays are widely present on the market, used for hi-fi sys-
tems in cars, mp3 players, and mobile phones, as well as in
television screens, or in e-paper, one of their most fascinating
applications.

In the future they could change our vision of all those
applications where a display or decorative lighting is re-
quired and even open new ways to use electronics. There-
fore, it is very important to reach a general understanding of
their electronic, structural, and morphological properties. Di-
indenoperylene �DIP, C32H16� is a perylene-based molecule
that shows very high hole mobility already in thin films,1

good film forming properties, and thermal stability.2,3 Its use
as an active layer in a device could give the opportunity to
reach very good performance and long lifetime.

A general property that has been found investigating the
growth of organic materials is their polymorphism.4 Perylene
single crystals �perylene is the core molecule of DIP� exist
under two different crystalline forms: the � and the � one.
Both of them belong to the monoclinic space group P21 /a.5,6

While the � form has a dimeric structure and four molecules
in the unit cell,5 the � one is monomeric and its unit cell
contains two molecules.6 Thiophene single crystals, a widely
investigated molecule, also show two crystallographic phases
depending on the growth temperature.7,8 Polymorphism, ba-
sically due to several reasons such as the large dimension of
the unit cell in comparison with inorganic materials and the
anisotropy of the intermolecular interaction, is emphasized in
film growth. One molecule when incorporated into thin films
can give rise to different film polymorphs depending essen-
tially on substrates �including its local morphology�, prepa-
ration conditions, and thickness grown.9–12 A systematic
study of perylene deposited on an oxidized substrate re-
vealed the existence of different molecular orientations de-
pending on the growth parameters, both in monolayers and
in multilayers.10 Pentacene films deposited on Cu�110� show

different phases depending on the actual film thickness.13 In
a monolayer regime molecules form a highly ordered com-
mensurate structure with a planar adsorption geometry. For
thin films a second phase is observed which is characterized
by a tilting of the molecular plane of about 28°. Finally,
exceeding a thickness of about 2 nm, films grow with an
upright molecular orientation, leading to the formation of
crystalline films which are epitaxially oriented with respect
to the substrate.13 A similar behavior has been shown inves-
tigating pentacene films deposited on Au�110�.14

Two main polymorphs have been identified in DIP thin
films depending on the substrate: an upright standing con-
figuration �� phase� when grown on rubrene and SiO2 �Ref.
15� and a flat lying configuration �� phase� when deposited
on polycrystalline gold �Fig. 1�.16 Films deposited on sap-
phire show the coexistence of both phases.15 The occurrence
of the � or � phase depends not only on the substrate but
also on the film preparation. Modulating the deposition con-
ditions, one of the two phases can be favored. The nucleation
of � phase on top of � phase is evident in DIP films grown
on SiO2 keeping the substrate temperature below 303 K.15

DIP has been investigated with a variety of techniques in-
cluding x-ray diffraction, atomic force microscopy �AFM�,
transmission electron microscopy �TEM�, and ultraviolet
photoelectron spectroscopy �UPS�.2,3,15,16 However, no soft
x-ray spectromicroscopy has been used to correlate the elec-
tronic structure with the morphology and the structure of the
film.

In this work we present the results of photoemission elec-
tron microscopy �PEEM� and x-ray photoelectron spectros-
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FIG. 1. �Color online� Schematic drawing of � and � phases.
The DIP molecular structure is also shown.
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copy �XPS� investigations on DIP thin films deposited on
polycrystalline gold. PEEM is a very powerful tool that can
give a deep insight in in situ growth.12,17 In addition, the
opportunity to use a synchrotron-radiation source allows the
simultaneous investigation of morphology, structure, and
electronic characteristics.

The paper is organized in the following way. First, we
describe the experimental setup. We report the film topogra-
phy observed by using a mercury high-pressure lamp, XPS
growth investigations, and the morphology related to the
electronic structure in Sec. III. The analysis and discussion
of the molecular orientation derived from PEEM measure-
ments for different film regions are presented in Sec. IV.

II. EXPERIMENTAL SECTION

The experiments were performed at Institut für Fest-
körperphysik �IFP� soft x-ray dipole beamline WERA at
ANKA �Karlsruhe, Germany�. This beamline covers photon
energies that range from 100 to 1500 eV, with an energy
resolving power of E /�E up to 10 000. The preparation
chamber �base pressure of 2�10−10 mbar� is equipped with
ion sputter guns, separated gas dosing systems, low energy
electron-diffraction �LEED� optics, a quartz microbalance,
and a homemade evaporation cell allowing organic
molecular-beam deposition �OMBD�. The spectroscopy main
chamber is equipped with a SCIENTA SES2002 electron en-
ergy analyzer for photoemission spectroscopy. The PEEM
chamber is equipped with a FOCUS-PEEM �FOCUS GmbH,
Germany� and a mercury high-pressure lamp. The geometry
of the PEEM experiment is fixed; the angle between the
sample surface and the incident photon energy is 25°. The
effective lateral resolution of the experiment with synchro-
tron radiation corresponding to the chosen field of view is
about 300 nm. The energy resolution of the micro-near-edge
x-ray absorption fine-structure ��-NEXAFS� spectroscopy
experiment was 0.140 eV and the polarization degree was
0.80. We also carried out standard NEXAFS measurements
�energy resolution of �0.095 eV and P=0.95� in the partial
electron yield mode in grazing incidence �	2=70°� and nor-
mal incidence �	1=0°�, taking advantage of the dependence
of the NEXAFS spectra on the polarization of the incident
radiation in order to investigate the molecular orientation.18

NEXAFS and �-NEXAFS spectra were normalized accord-
ing to Refs. 19 and 20.

A gold foil �Goodfellow, purity 99.99%� was cleaned in
ultrahigh vacuum �UHV� by means of repeated cycles of Ar
sputtering and checked by using XPS. DIP was purified by
thermal gradient sublimation and deposited in UHV condi-
tions onto polycrystalline gold by using OMBD in situ. The
nominal thickness was determined by using a quartz mi-
crobalance and cross-checked by using the attenuation of the
XPS substrate signals �Au 4f�. Furthermore, we probed the
homogeneity and thickness of the films on a global as well as
on a local scale by using XPS. Deposition rate �
� and sub-
strate temperature �Tsub� were kept constant for each film
preparation �
=3 Å min−1, Tsub=RT�, leading to films char-
acterized by grain size �60 nm.21 All samples were

carefully checked for radiation damage during beam expo-
sure on the time scale of the single measurement ��1 h�.

III. RESULTS

A. Topography

Figures 2�a� and 2�b� show two typical images of the
surface of a 12 nm thick DIP film �the field of view is 130
�130 �m2� obtained with a mercury high-pressure lamp
�Hg lamp�. They show bright and dark regions which can be
interpreted by the work function of the system.12 In particu-
lar, the photon energy of the Hg lamp is 4.9 eV, the work
function of Au is 5.2 eV, while the ionization potential of
DIP thick films is 5.8 eV.16 In addition, it has been shown
that the work function of DIP deposited on polycrystalline
gold does not change with the thickness, above the first three
layers.16 Thus, since the work function of Au is very close to
the photon energy of the Hg lamp �the spectral line of the
lamp is broad�, the main contributions to the images come
from the substrate. With increasing film thickness, these con-
tributions will be attenuated by elastic and inelastic scatter-
ings of the substrate photoelectrons, giving a dark contrast.
First, we can immediately derive that the presence of a dif-
ferent brightness means a different contrast, implying that
the films are rough. Second, we can assume that the darker
regions reflect a contribution coming from zones with a dif-
ferent local thickness of the film. We can therefore conclude
from the topographic investigation that the films are charac-
terized by an inhomogeneous coverage. The work-function
contrast is only one of many aspects that influence electron
emission, for example, a possible source of contrast may also
be due to the substrate topography. We cannot exclude con-
tributions of this nature now, but a comparison with PEEM
images �see next paragraph� obtained with synchrotron radia-
tion may help us to distinguish them if present. To cross-
check this finding we have also investigated the films by
using XPS in normal emission �Fig. 3�. In case of a perfect
layer-by-layer growth, for the nominal thickness of 12 nm,
the substrate should be perfectly covered and there should be
no detection of the emitted photoelectrons coming from the
gold substrate. Using an incident photon energy of 320 eV,
only photoelectrons with very low kinetic energy �those

a) b)

FIG. 2. Two typical images of the surface of a 12 nm thick DIP
film. The field of view is 130�130 �m2. The images were ob-
tained in work-function contrast mode by using a mercury high-
pressure lamp.
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emitted from gold have kinetic energy of around 235 eV�,
corresponding to short inelastic mean-free path, can
escape.22 Despite the presence of a strong C1s signal due to
the deposited DIP film �Fig. 3�a�� the Au 4f features �sub-
strate intensity� in the XPS spectrum �Fig. 3�b�� are still rel-
evant. A complete set of thickness-dependent XPS investiga-
tions has been performed showing the occurrence of a
Stranski-Krastanov growth mode, in which at the beginning
few layers grow layer by layer and then island growth
starts.23

B. Morphology and electronic structure

PEEM images obtained with synchrotron radiation corre-
sponding to the region shown in Fig. 2�b� are shown in Fig.
4 �the field of view is 130�130 �m2�. Each frame corre-
sponds to different photon energies as indicated. We have
recorded a set of frames in 0.15 eV steps of the photon
energy at the C 1s edge between 280 and 330 eV. By over-
lapping each frame along the direction of increasing photon
energy and looking at the intensity of the emitted photoelec-
trons for the single pixel, the �-NEXAFS spectra of the in-
vestigated region are obtained. Comparing the images ob-
tained with the Hg lamp �Fig. 2�b�� and the synchrotron
radiation �Fig. 4, the latter at 278 eV, i.e., below the absorp-
tion edge� they look very similar. Thus, we can now exclude
effects of the substrate topography in the images shown in
Fig. 2. Figure 5 shows a PEEM stack, integrated in the pho-
ton energy range between 280 and 320 eV, together with two
non-normalized �-NEXAFS spectra for two film regions as
indicated. If we look at the two non-normalized �-NEXAFS
spectra �Figs. 5�a� and 5�b�� of a darker and a brighter re-
gion, we can observe that the contribution coming from the
substrate in the pre-edge region �below �285 eV� is weaker
in the spectra of the darker regions �Fig. 5�b��. This implies
that they are characteristic of locally thicker film regions.

Therefore, this supports the conclusion coming from the
analysis of the work function presented in the previous para-
graph: we find that darker regions are thicker film regions
and brighter regions thinner ones, thus the films are not ho-
mogeneous �Fig. 4�.

Figure 6 shows a PEEM stack, integrated in the photon
energy range between 280 and 320 eV, corresponding to the
region shown in Fig. 2�a�, together with the normalized
�-NEXAFS spectra for three areas as indicated. They are
representative of the 12 nm thick film surface, chosen de-
pending on their different contrast. We see that the main
features of the spectra are always present but their intensity
varies. Two main groups of resonances dominate the spectra:
the �� region up to 288 eV and the �� region above 288 eV.
The former are due to transitions from C1s levels of non-
equivalent carbon atoms mainly to the lowest unoccupied
molecular orbital �LUMO�.23

NEXAFS is the appropriate technique to investigate the
orientation of the molecules in a film. The spectral features
exhibit strong polarization dependence that can be used to
determine the molecular orientation from the observed di-
chroic behavior.18 It can be directly shown from the dipole
selection rules that for a vector-type orbital, i.e., an orbital
that points in a specific direction, the resonance intensity
along the direction of the dominant component of the inci-
dent electric field is given by

I  �cos2 	 sin2 � + 2 sin2 	 cos2 �� , �1�

with � angle between the normal to the surface and the or-
bital and 	 angle between the incident radiation and the nor-
mal to the surface. Measuring the intensity for two different
polarization directions with respect to the surface, in normal
�	1� and in grazing incidence �	2�, it is possible to determine
� from the following equation:

1

tan2 �
=

1

2P
�P −

1 − q

sin2 	2 − q sin2 	1
� , �2�

where P is the polarization degree and q is the ratio between
the intensities of the chosen resonances for the two different
polarizations,

q =
I�	2�
I�	1�

. �3�

In this work, the geometry of the PEEM experiment is fixed,
thus the spectra are obtained only for one direction of the
polarized incident radiation and we cannot quantitatively de-
termine the molecular orientation by using these data. To
overcome this problem we also performed standard NEX-
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FIG. 3. Core level photoemission spectra: �a� C 1s XPS and �b�
Au 4f XPS data of the clean substrate and after 12 nm DIP depo-
sition, taken at a photon energy of 320 eV.

hν= 278 eV hν= 284.5 eV hν= 291 eV hν= 305 eV

FIG. 4. PEEM images ob-
tained with synchrotron radiation
corresponding to the region shown
in Fig. 2�b� �the field of view is
130�130 �m2�. Each frame cor-
responds to different photon ener-
gies as indicated.
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AFS �Fig. 7� for two polarization directions and we were
able to determine the molecular orientation according to Eq.
�3�. The obtained value is 47° �5°.

The 	2 curve in Fig. 7 has been recorded for 	2=70°, i.e.,
the geometrical condition is therefore close to that of the
PEEM experiment �	=65°, see Sec. II�. Using the intensity
of the main feature at around 286 eV �indicated with 2 in
Figs. 6 and 7� as a reference and its relative variation with
respect to the intensity of the �� region at 300 eV �I2 / I��

ratio �2�, we can deduce some information about the local
molecular arrangement by directly comparing �-NEXAFS
and standard NEXAFS spectra. This can be done for each
pixel of the PEEM images and it is obviously a meaningful
procedure only when the spectra are all normalized, as we
did, according to Refs. 19 and 20.

Every �-NEXAFS spectrum belonging to a given photon
energy scan has been collected under the same experimental
condition; thus any change in the spectral features is due to a
change in the film structure. To use these spectra as a refer-
ence, first, we describe an appropriate framework in order to
predict how the spectra should look like for different mo-
lecular orientations. A different alignment of the molecular
orbital with respect to the incident electric-field vector im-
plies different resonance intensities.18 Let us examine two
extreme cases taking into account only �� resonances. If the
molecules are flat lying on the surface the angle between the
electric-field vector and the orbital is smaller than in our
reference: the ��-resonance intensities should be stronger
and the I2 / I�� ratio even more favorable to I2. The opposite
should be expected when comparing spectra coming from
regions with upright standing molecules because the angle
between the electric-field vector and the molecular orbital is

larger than 47°. Now that we have built a reference interpre-
tation for the �-NEXAFS, we discuss this point in detail for
the three regions �A–C� in Fig. 6. In Fig. 6�a�, feature 2 is
intense and comparable with the corresponding one in the 	2
curve �see Fig. 7�. The I2 / I�� ratio is also very similar
��2.3�, thus we can assume that the molecular orientation in
region A resembles that of the average value 47°. Looking at
the �-NEXAFS spectrum belonging to region B �Fig. 6�b��,
we observe that the main characteristics remain unchanged.
Feature 2 still has a high intensity and the I2 / I�� ��2.2� ratio
is still favorable to the �� resonances. This leads to the con-
sequence that also in regions with characteristics like B, the
molecular orientation is close to the value determined by
using standard NEXAFS. However, there is a change in the
electronic structure underlined, e.g., by the stronger intensity
of feature 5. Finally, the strongest changes are revealed by
the region C spectrum �Fig. 6�c��. The relative intensities in
the �-NEXAFS spectrum are different and the I2 / I�� ratio
��1� is more favorable to the �� resonances with respect to
the previous regions. The orientation of the molecular axis is
drastically changed indicating that the molecules in this re-
gion have a position closer to the upright standing one. Other
details of the spectra have also changed indicating local dif-
ferences in the electronic structure. We observe that different
details in the electronic structure correspond to a different
short-range order in the film, i.e., to different mutual molecu-
lar interaction, due to the different film morphology and to
the environment seen from the molecules.

IV. DISCUSSION

It has been already shown that during growth different
parameters play a fundamental role in determining the prop-
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FIG. 5. PEEM stack, integrated in the photon energy range between 280 and 320 eV, together with two non-normalized �-NEXAFS
spectra ��a� and �b�� for two film regions as indicated.
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erties of the films: preparation conditions, i.e., substrate tem-
perature, deposition rate, and nature or type of substrates,
determine different structural properties such as morphology
and molecular orientation.4,9–17,24–28 In this work we kept all
parameters constant during preparation �
=3 Å min−1,
Tsub=RT� and we used only one material as substrate intend-
ing to limit the number of variables and thus to completely
characterize the obtained model system DIP deposited on Au
at room temperature. Our attention was especially focused on
the possible occurrence of different molecular orientations
even under those strictly determined preparation conditions.
We have obtained an average molecular orientation of 47°
for DIP films thickness above 10 nm. Still the molecular
orientation calculated by using standard NEXAFS is aver-
aged over the probed area �here about 0.9 mm diameter�.
Thus an angle of 47° may represent a critical value: we can
imagine a scenario where at the surface half of the investi-
gated domains present exactly upright standing molecules
and the remaining half flat lying molecules. The presence of
such domains in the investigated area with a wide range of
different molecular orientations cannot be detected by stan-
dard NEXAF. However, the powerful aspects of �-NEXAFS
spectroscopy are preserved allowing for a high lateral reso-
lution �in our experiment: 300 nm�. This enables, within the
limit of the lateral resolution, to look at the �-NEXAS spec-
tra picked up from different microregions of the same sample
and to determine whether it is possible that adjacent do-
mains, also within the same region of bright or dark areas,

show different phases. Observing PEEM images and
�-NEXAS spectra we can deduce that the morphological and
structural properties of the films are constant for large re-
gions �at least 130�130 �m2 field of view, see, for ex-
ample, Fig. 6�. In addition, they are very similar for film
regions with analogous morphology. Region A has been cho-
sen because it shows the predominant morphology of our
films �see the contrast in Figs. 4 and 6�. As discussed in the
previous paragraph the estimated molecular orientation and
the electronic structure of region A are in agreement with the
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curve� incidences. The geometry of the experiment is shown in the
inset.
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standard NEXAFS results. Examining further the film we
select region B. Comparing regions A and B we observe that,
despite the strong contrast between the two regions, their
�-NEXAFS spectra have very close characteristics �see Figs.
6�a� and 6�b�� and again a good similarity with the standard
NEXAFS spectra. As mentioned, two phases have been iden-
tified for DIP grown on different substrates: � phase �upright
standing molecules� and � phase �flat lying molecules�.15,16

This could lead to the idea that the hypothetic scenario with
the two phases present in our films in the same concentration
is the correct one. It cannot be ruled out when relying only
on the standard NEXAFS investigations. With our compari-
son between standard and �-NEXAFS spectra, we obtain
evidence for an arrangement of the molecules in both regions
A and B with their axis forming an angle of around 47° with
respect to the substrate. Sampling randomly the surface, we
have always obtained very similar �-NEXAFS spectra, i.e.,
same molecular arrangement, in those regions with morpho-
logical characteristics like A or B. This value has now a
different relevance than the one obtained by standard NEX-
AFS spectroscopy: it is not anymore averaged on a large area
but it comes from well-defined microareas of the samples.
We can rule out the possibility of the mentioned scenario
�half upright standing molecules/half flat molecules�, also in
agreement with previous works where the content of � phase
has been estimated to be up to 26% throughout a 30 nm thick
film.16

Parallel to this work, we also used the information deliv-
ered by standard NEXAFS investigations on DIP monolayer
deposited on gold, where we saw that the molecules are flat
lying on the substrate surface.23 As soon as the thickness
exceeds a couple of layers the molecules assume a position
with their axis tilted with respect to the surface.23 These ob-
servations are not surprising. It seems that DIP molecules
behave very similarly to other organic materials such as pen-
tacene deposited on Au�111� �Ref. 14� or phthalocyanines on
polycrystalline gold, which show analogous behaviors.27 Our
PEEM results do not contain the information about the first
monolayer and the buried layers since the maximum probing
depth is about 10 nm. Therefore, the tilt of the molecular axis
is a real effect and not an artifact due to the technique.

Our analysis shows that the film properties are completely
dominated by the relative strength of substrate-molecule and
molecule-molecule interactions.25 In the monolayer regime,
the interaction between the substrate and the molecules is
strong enough to force the molecules in a flat lying configu-
ration. DIP molecules are physisorbed on gold,23 and the
substrate acts as a template for the organic layers as long as
the interaction substrate molecule is strong enough, i.e., for a
couple of layers. Then it is overwhelmed by the molecule-
molecule interaction. This picture is also supported by the
evidence for a Stranski-Krastanov growth mode �layer plus
islands�, as we obtained from the PEEM investigation com-
bined with XPS. At the beginning the substrate is covered by
a couple of monolayers, then three-dimensional �3D� nucle-
ation starts to be predominant, in agreement with a decrease
in the interaction strength between the substrate and the lay-
ers after the first one, leading to the formation of 3D islands.
So far, we have completely excluded from our discussion
region C �see Fig. 6�. Let us address which contribution the

presence of such regions brings to the proposed picture. Re-
gion C has a very strong contrast in comparison with the
neighboring film environment. �Note that label C does not
indicate the complete darker area in the upper part of the
image in Fig. 6 but only the region surrounded by the circle.
The outside region shows a contrast similar to region B.�
According to what we observed in the previous paragraph,
this indicates that region C is locally thicker than regions like
A and B. Actually it is the darkest and therefore the thickest
region present in Fig. 6. We have seen that in this case the
molecular orientation and the electronic structure are drasti-
cally changed. In particular, in region C the estimated mo-
lecular orientation is closer to the upright position than in
any other investigated region of Fig. 6 �see Fig. 6�c��. This
agrees very well with our interpretation of the results in
terms of a stronger influence of the molecule-molecule inter-
action when increasing the thickness. The energy of the films
is minimized by a molecular arrangement that has an
asymptotic tendency to the upright standing position. A com-
plete crystallographic characterization of a DIP single crystal
is still missing but it would be very interesting to compare
the molecular orientation in thin films with that in single
crystals. It may be possible that the molecular orientation in
thicker films reproduces or tends to that one in the single
crystal like in perylene thick films.10 This would give a hint
about the stability of the various molecular arrangements and
which kind of geometry they represent with respect to the
substrate.

Dürr et al.16 already showed, with x-ray scattering, that
for a 30 nm thick film deposited on gold the � phase occurs
in coexistence with the � phase showing a concentration up
to 26%. Our results evidence an intermediate molecular ori-
entation with respect to the surface. While it is clear the
tendency to the upright standing position in thicker regions, a
real � phase can be found only for very thin films �few
layers�. The results in both works can be explained in terms
of substrate-molecule versus molecule-molecule interactions,
the only dissimilar point is the arrangement of the molecules
in the films. In our opinion, this difference has a main reason
the different substrate preparations. The comparison of the
two works shows how substrate defects and local morphol-
ogy, in this specific case the roughness of the substrate, have
a strong influence in terms of molecular orientation. In fact,
we could not detect the same molecular arrangement as on
evaporated polycrystalline gold.16 This interpretation is also
in agreement with Marchetto et al.12 that found a strong de-
pendence on the substrate morphology of perylene-
tetracarboxylicacid-dianhydride �PTCDA� thin-film proper-
ties. The relevance in device engineering is obvious: a
different preparation of polycrystalline gold, often used as an
electrode, could imply different device performances for the
same structure and active layer.

V. SUMMARY AND CONCLUSIONS

The presented PEEM results represent the x-ray spectro-
microscopy study of DIP providing information on the oc-
curring molecular orientation. Our investigations revealed
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�1� the existence of a different molecular orientation �within
the limit of the experimental resolution�, beside the already
known � phase and � phase, characterized by an intermedi-
ated tilt angle. In thicker film regions, the energy of the films
is minimized by a molecular arrangement that has an
asymptotic tendency to the upright standing position. �2� The
growth mode is of the Stranki-Krastanov type. �3� DIP films
show large orientational domains. We have interpreted our
findings by using basic concepts in terms of relative strength
of the interaction substrate molecule and molecule-molecule.
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