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Abstract
Ultraviolet Photoelectron Spectroscopy is used to investigate the energy level alignment and
molecular orientation at the interfaces in Au/pentacene/PTCDA trilayer stacks. We deduced a
standing orientation for pentacene grown on Au while we conclude a flat lying geometry for
PTCDA grown onto pentacene. We propose that the rough surface of polycrystalline Au induces the
standing geometry in pentacene. It is further shown that in-situ deposition of PTCDA on pentacene
can influence the orientation of the surface pentacene layer, flipping part of the surface pentacene
molecules into a flat lying geometry, maximizing the orbital interaction across the pentacenePTCDA heterojunction.
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Introduction
This study is aimed towards shedding light on the energy level alignment at Organic-Organic (OO)
heterojunctions and factors impacting it, in particular intermolecular order effects. We selected the
polycrystalline Au/pentacene/PTCDA system since pentacene and the perylene-derivative PTCDA
(3, 4, 9, 10-perylene-tetracarboxylic dianhydride) long have served as “banana flies” for
investigating the energy level alignment of -conjugated organic molecules at well-defined surfaces
[1-6]. Pentacene is of particular interest due to its ability to form (poly) crystalline thin films that
leads to high hole-mobility values when used in e.g. Organic Thin Film Transistors (OTFTs) [7-9].
The quality of the crystalline pentacene film will significantly affect the obtained hole-mobility, and
the crystallinity (and intermolecular order in general) of pentacene films depend on a number of
parameters such as surface structure of the substrate, substrate temperature during film deposition,
evaporation rate, etc. The details of the growth mechanism of monolayer and thin films of
pentacene on different substrates hence have been extensively studied by many different
experimental techniques as well as theoretical methods [9-30, 31 ]. In general, the strength of the
interaction between the substrate and the molecule versus intermolecular interaction defines the
orientation of the monolayer (ML). Strong intermolecular interaction and/or weak, negligible
molecule- substrate interaction often will lead to edge-on or standing orientation at the interface
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while the opposite cases cause a flat or face-on configuration [13, 17, 32]. Pentacene and other
aromatic molecules tend to have strong interaction (chemisorption) with clean metallic surfaces and
this strong interaction leads to flat lying or face-on orientation of pentacene (and similar aromatic
molecules), at least in the first few ML(s) [18, 20, 23, 24, 28, 33]. Additional film growth decouples
the metal substrate and the bulk of the deposited molecules, which may lead to other orientations,
e.g. standing. Aromatic molecules deposited on non-metallic surfaces and even metallic ones can
grow also in standing orientation, however, already from the first few ML(s). One of the proposed
explanations for the cause of this phenomenon is a rough surface of the substrate at the molecular
scale which then can’t provide well-defined adsorption sites [13]. Roughness prevents maximal
interaction between substrate and adsorbate molecules and as a result, adsorbate molecules interact,
overlap and couple with each other and provide a more stable configuration for themselves [9, 13,
25]. This highly coupled intermolecular packing often leads to (upright) standing or edge-on
orientation. For example, physisorption of pentacene molecules on a non-metallic surface such as
SiO2 which is used as gate dielectric in transistors leads to a standing orientation. Other examples of
substrates which induce standing orientation in pentacene molecules are polycrystalline Cu [26],
LSMO [21], PEDOT: PSS [16] and C60 [22].
That the substrate can have a strong influence on film order, especially at the interface, is thus well
established. The interface effects on electronic properties, especially the energy level alignment,
also are of importance, in particular to organic electronic devices. Indeed, as a result of contact
between a -conjugated molecule and another material, the electronic structure and parameters
related to the electronic structure of the molecules at the interface can be modified through a variety
of effects depending on the nature of the interface [34]. The Integer Charge Transfer (ICT) model
[35-37] addresses energy level alignment at weakly interacting organic-organic and hybrid
interfaces and hence is used in this study to interpret the experimental results. The model predicts
that energy level alignment at such interfaces follows the Schottky-Mott regime or a Fermi-pinning
regime depending on the position of the Fermi level and the oxidation/reduction energies of the
molecules at the interface [35-37]. To wit, when the substrate work function is large enough to
cause oxidation of molecules in the overlayer or small enough to promote reduction, charge transfer
occurs and a dipole will be formed at the interface producing a vacuum level offset. The produced
cation(s)/anion(s) after charge transfer process are called Integer Charge Transfer state(s): ICT + for
a cation and ICT- for an anion. As long as the formation energy of the ICT+ (cation) is smaller than
the (dipole-modified) work function of the substrate then thermodynamically charge transfer and
formation of the positive charge transfer state ICT+ is favored and continues until the induced
interface dipole is large enough equilibrate the Fermi level to the ICT+ state. The opposite is true
when we are dealing with the anions or negative charge transfer state ICT-: when the energy gained
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by creating the ICT- is greater than the substrate work function, electron transfer from substrate to
organic material takes place until equilibrium is achieved. If the substrate work function is situated
in between the ICT+ and ICT- states, no charge transfer occurs (barring defects) and Schottky-Mott
type behavior is obtained [35-37]. As noted, in the Fermi level pinning regimes, the resulting work
function upon interface completion does not directly depend on the substrate but is equal to the
energy of the ICT+,- states, EICT+,-. However, the EICT+,- and hence the resulting work function may
depend indirectly on the substrate as the EICT+,- are affected by inter- and intra-molecular screening
that in turn are affected by inter- and intra-molecular order [35, 36, 38, 39]. As discussed above, the
molecule-substrate interaction during film formation strongly can affect the molecular order at the
interface so as to make it radically different from the bulk (crystal) structure. An understanding of
the molecular order (or lack thereof) at the interface is then useful to correctly predict and interpret
energy level alignment at (hybrid) organic interfaces.

Experimental
Organic Molecular Beam Deposition (OMBD) technique performed using a Knudsen-type organic
evaporator was employed to in situ grow thin films of the pentacene on the surface of chemically
cleaned polycrystalline gold and subsequently in situ grow PTCDA films on the Au/pentacene
substrates. The chemically cleaned gold surface ensured physisorption of the pentacene molecules
and hence produced a weakly interacting interface, also the case for the pentacene/PTCDA interface.
The evaporation rate of pentacene was roughly 3 Å/min while PTCDA was evaporated with the rate
of ~2.5 Å/min. The substrates were kept at room temperature during deposition of pentacene and
PTCDA as well as during measurements. Our home-made and designed photoelectron spectrometer
has a base pressure lower than 10-9 mbar and the photoemission experiments were carried out
following each deposition step using monochromatized He I radiation with 21.2 eV energy. The
work function and dipole shifts were estimated from the secondary electron cut-off with an
accuracy of ±0.05 eV. The vertical ionization potential (IP) was measured with an accuracy of ±0.1
eV using the leading edge of the frontier valence feature. Intermolecular order directly affects the IP
of molecular films as measured by photoelectron spectroscopy [40] and IP values hence can be used
to determine the orientation of molecules in a layer [41]. We apply this technique to gain
information of the intermolecular order of the pentacene and PTCDA films.
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Results and discussions
The evolution of the valence region photoemission spectrum of pentacene deposited in-situ on top
of polycrystalline Au as a function of the thickness is shown in Fig. 1. At the left part of the figure
secondary electron cut-off manifests the work function (WF) of the sample while in the right panel
in the frontier occupied states region the energy difference between the low binding energy onset,
here referred to as Valence Band Edge (VBE), added to the work function yields the vertical IP
defined as IP = WF + VBE. The chemically cleaned gold surface has a WF of ~4.6 eV, a typical
WF value for gold handled in ambient air [42]. At 2.7 nm film thickness, the pentacene features can
be seen clearly and the Au peak is completely suppressed. The observation that such a thick film of
pentacene is necessary in order to suppress the gold signal indicates the organic film (initially)
grows as islands on polycrystalline Au, likely a combination of roughness of the Au substrate, weak
interaction between the gold surface and the pentacene molecules (physisorption) and a strong
intermolecular coupling [32]. The IP is almost constant for the different pentacene film thicknesses
while the WF spans over a range from 4.46 eV at 2.7 nm to 4.35 eV at 7.1 nm thickness. These
results are collected in Table 1. The decrease in WF upon pentacene deposition is attributed to
charge transfer from pentacene molecules to the gold substrate causing pentacene cations to be
formed and the Fermi level is pinned to the EICT+ of the pentacene molecules. The IP and WF values
are in line with those previously reported [21, 22], where a standing geometry for the pentacene
molecules at weakly-interacting interfaces was found.
The 71 Å adlayer of pentacene on polycrystalline Au was subsequently used as template to in-situ
deposition of PTCDA films. The film thickness dependent evolution of the electronic structure of
PTCDA-on-pentacene was monitored by UPS. Upon PTCDA deposition an increase in the work
function occurred, saturating at ~4.6 eV, resulting in an overall vacuum level shift of ~0.25 eV, see
Table 2. This is in good agreement with the theoretical prediction of 4.7 eV for the E ICT- value of
face-on ordered PTCDA [38, 39], suggesting electron transfer from pentacene to PTCDA, creating
PCTDA anions and pinning the Fermi level to the EICT- state of PTCDA. The work function and IP
values for the PTCDA films also are in good agreement with the case of PTCDA on Au(111) where
PCTDA forms face-on ordered layers [2], supporting the proposed scenario. Following the
evolution of the frontier occupied electronic structure in Fig. 2, we note that the frontier peak of
pentacene (related to the highest occupied molecular orbital, HOMO), located at ~1 eV, remains
visible up to almost 2 nm of PTCDA thickness, suggesting (initial) island-type growth of the
PTCDA overlayer likely caused by roughness of the pentacene surface. Another prominent peak in
this figure is frontier peak (HOMO) of the deposited PTCDA film located at ~2.8 eV, a position
that roughly coincides with deeper lying pentacene features, see bottom spectrum of Fig. 2. After 3
nm thickness, the pentacene HOMO feature at ~1 eV has disappeared but is replaced by a new weak
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feature located at ~1.5 eV. The origin of this peak is unclear. One possible scenario is to attribute
the peak to the partial filling, due to charge transfer from pentacene, of the lowest unoccupied
molecular orbital of PTCDA, which is then pulled down below Fermi level. We propose that this
explanation should be excluded since the new peak is located at 1.5 eV, which is far too deep to be
the singly-occupied former LUMO of PTCDA, typical values being around 0.1-0.5 eV. Also, the
experimental sequence Au/pentacene/PTCDA was repeated several times and though the WF and IP
evolution was the same, the new feature did not always appear, see a different series displayed in
Fig. 3. We note instead that the IP of face-on lying pentacene is 0.55 eV higher than that of standing
pentacene [43], a value identical to the binding energy difference between the original pentacene
HOMO and the new feature that appears in Fig. 2, suggesting that the disappearance of the frontier
peak and creation of the new feature is due to pentacene molecules at the PTCDA interface
“flipping” from a standing orientation into a lying orientation in order to maximize - interaction
between the pentacene and PTCDA molecules as well as maximize hydrogen bonding between the
pentacene hydrogen and PTCDA oxygen at the interface. However, converting from a standing to
lying orientation also costs energy, with larger more well-ordered domains/islands of pentacene at
the surface being more costly to convert than a rougher surface featuring smaller less-ordered
domains/islands. Hence, for sufficiently well-ordered and flat surfaces of pentacene, the cost of
converting the surface into a lying order is larger than energy gained from increased molecular
interaction with PTCDA and the peak at 0.55 eV higher binding energy will not appear, whereas for
sufficiently disordered and rough surfaces of pentacene, the cost of converting the surface into a
lying order is smaller than energy gained from increased molecular interaction with PTCDA and the
peak at 0.55 eV higher binding energy will appear. Finally, there will be pentacene films where
parts of the surface will be converted and other parts not, depending on local variations in order and
roughness, see Fig. 4, which is likely the most realistic scenario under our growth conditions.
Indeed, molecular dynamics simulations of the growth of flat-lying PTCDA on standing pentacene
interfaces show that a thin disorder interface region is created even for a “perfect” starting
pentacene surface [44].

Summary
We studied energy level alignment in the model system of polycrystalline Au/pentacene/PTCDA.
UPS measurements showed a ~0.3 eV downward dipole at Au/pentacene interface and a ~0.25 eV
upward dipole at pentacene/PTCDA interface due to Fermi level pinning to the pentacene ICT+ and
PTCDA ICT- state, respectively. In this trilayer system, pentacene is a global donor: it donates
electrons to both the Au substrate and the PTCDA overlayer. Our results further suggest a standing
geometry for pentacene molecules on Au, in line with previous studies of rough weakly-interacting
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surfaces, and a face-on geometry for the PTCDA molecules deposited onto the pentacene films. We
noted that though the evolution of IP and WF with thickness was consistent for all of the
experimental series, we obtained a variation in the frontier electronic structure for the
pentacene/PTCDA interface where a new feature sometimes appeared upon formation of the
PTCDA overlayer. We attribute the new feature to a change in the inter-molecular order of
pentacene molecules at the interface from standing to lying. We propose that the change in
orientation and the variations in the extent of the effect seen from series to series can be explained
by the interplay between energy gained in PTCDA-pentacene interaction at the interface from faceon – face-on order and energy lost flipping domains of pentacene molecules from standing to lying
orientation. Such a reorientation is likely to have a profound effect on e.g. charge transfer across the
heterojunction.
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Table and Figure Captions
Table 1. Thickness evolution of the UPS-measured work function (WF) and vertical ionization
potential (IP) of pentacene film on Au.
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Table 2. Thickness evolution of the UPS-measured work function (WF) of PTCDA on pentacene.

Figure 1. Thickness-dependent evolution of (left panel) work function and (right panel) valence
electronic structure of pentacene in situ grown on a polycrystalline gold substrate.

Figure 2. Thickness-dependent evolution of frontier valence electronic structure of PTCDA in situ
grown on a pentacene-on-gold substrate.

Figure 3. Thickness-dependent evolution of frontier valence electronic structure of PTCDA in situ
grown on a pentacene-on-gold substrate (different series).

Figure 4. Schematic picture of Au/pentacene/PTCDA multilayer stack.
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Table 1.

Au

Pentacene

Thickness (Å)

WF (eV)

IP (eV)

-

4.63

4.63

27

4.46

4.78

49

4.42

4.85

71

4.35

4.83
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Table 2

Pentacene

PTCDA

Thickness (Å)

WF (eV)

71

4.35

4

4.41

7

4.44

10

4.45

13

4.44

19

4.52

30

4.57

45

4.57

10

Binding Energy
(eV)
Figure 1.
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Figure 2.
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Figure 3.
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Figure 4.
(Color on web, black-and-white in publication)
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