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Abstract

The combination of valence band photoemission and inverse photoemission spectroscopy is applied to study the densities of occupied
and unoccupied states of perylene derivative and phthalocyanine organic layers on inorganic semiconductors. The ionisation energies
and electron affinities are determined and it is proposed that the transport gap of the materials can be evaluated from the distance of
the HOMO and LUMO edges. The resulting values for the transport gap which are somewhat smaller than other published data are
in good agreement with e.g. electrical measurements. The experimental spectra are compared with simulated ones obtained by density

functional theory calculations.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Over the last few years organic semiconductors have
attracted an increasing technological interest which is
accompanied by a significant progress in fundamental
research related to these materials. There are two types of
organic materials used in semiconducting applications:
polymers and low molecular weight materials [1]. While
polymers tend to form disordered phases, small molecules
often show ordered crystalline structures. In this work,
we concentrate on molecular crystals consisting of small
planar molecules.

The interest in the semiconducting properties of such
organic molecules has intensified significantly in recent
years and these materials have already appeared in a range
of commercial applications. In spite of this rapid progress,
the precise relationship between molecular and electronic
structure and device performance is still not fully under-
stood and there remains a need for detailed studies of
model systems based on both polymers and small mole-
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cules [2,3]. Very thin layers of small organic molecules
can be grown with high precision in ultra-high vacuum
(UHV), which makes this class of materials ideal for stud-
ies of fundamental interface properties using, e.g. electron-
based experimental techniques.

Earlier studies of molecular adsorption on low index
faces of inorganic semiconductors suggested that a passiv-
ated surface is beneficial for ordered growth. It was found
that, e.g. PTCDA forms ordered layers on GaAs(001) if
the surface is passivated by a Se monolayer [4]. It was pro-
posed that the GaAs surface bonds are saturated by Se and
the organic molecules attach through weak van der Waals
bonding. As a result of this weak interaction, the molecules
arrange into an ordered, quasi-epitaxial overlayer. Efficient
transport of charge through a semiconductor film requires
the film to be continuous and ordered. Highly oriented
films typically result in higher carrier mobilities than ran-
domly oriented crystalline or amorphous films. One major
advantage of organic molecules is that they can be tailored,
i.e. their properties can be tuned by changing the molecular
structure, e.g. via adding specific functional groups.

As noted by Dimitrakopoulos and Malenfant in their
review [5] industrial emphasis is shifting away from organic
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semiconductor testing and more toward manufacturing
process development. From the perspective of material sci-
ence, there remain a number of unanswered questions con-
cerning the performance of organic based devices. Over the
past years, however, surface science has begun to play an
important role in developing a more basic understanding
of organic materials and their interfaces such as inorganic
semiconductor/organic [6-8], metal/organic [9-12] or
organic/organic interfaces [13-17]. Investigations of these
interfaces are performed by means of various techniques
such as optical and/or vibrational spectroscopies, but
mainly by means of electron spectroscopies. The device
performance is most affected by an efficient charge transfer
across the interface. While charge transport through an
organic layer critically depends on the choice of organic
molecule, the structure and thickness of the organic film
and on the preparation method, the most important factors
that control the charge injection process are the energy bar-
rier which the charge carrier has to overcome at the inter-
faces. Therefore, the starting point in the description of the
interface is to define the relevant electronic levels and their
alignment relative to the same reference (Fermi level). The
most direct and successful methods for the determination
of energy level positions and alignment are valence band
photoemission spectroscopy (VB-PES) and inverse photo-
emission spectroscopy (IPES). VB-PES provides informa-
tion on the density of occupied states while IPES
provides information on the density of unoccupied states.
Hence, a complete picture of the electronic properties, i.e.
ionization energy (IE), work function (¢), energy position
of the highest occupied molecular orbital (HOMO), elec-
tron affinity (EA) and energy position of the lowest unoc-
cupied molecular orbital (LUMO) can only be achieved
when UPS and IPES are employed in combination.

Among the many studies of molecular adsorption on a
range of substrate surfaces, two main types of molecules
have emerged as prototypes — perylene derivatives (e.g.
3,4,9,10-perylenetetracarboxylic dianhydride (PTCDA))
and phthalocyanines (e.g. copper phthalocyanine (CuPc)).
In addition to their wide use in organic semiconductor
devices, their properties have proven attractive in the field
of conventional inorganic semiconductor devices. For exam-
ple, thin interlayers of PTCDA significantly modify the
device characteristics of GaAs Schottky diodes [18]. PES
was used to determine the energy level alignment of PTCDA
interfaces with several GaAs surfaces and it was found that
the band line-up is very sensitive to the substrate preparation
[19]. This is not consistent with the simple vacuum level
alignment rule and implies the presence of an interface dipole
at each interface. PES was also used to determine the energy
level alignment for CuPc films grown on semiconductor sur-
faces[20,21]and fluorinated Pcs on metals [22,23]. Similar to
the perylene case, the energy level alignment is influenced by
the substrate treatment and morphology.

Even though perylene derivatives and Pcs have been
studied quite extensively by means of optical methods,
the direct and inverse PES combination was hardly

employed for their characterization. IPES was employed
to characterize for example CuPc and H,Pc absorbed on
Ag and Cu [24]. Comparing the results to MO calculations
a symmetry assignment of the unoccupied " orbitals of
these molecules was achieved. A series of 3D-transition
metal Pcs were investigated by means of IPES by Yoshida
et al. [25]. Similar IPES spectra were obtained for H,Pc and
CuPc. A minor contribution of the metal to the spectra was
observed due to the dominant emission from the macrocy-
clic ©t orbitals of the Pc framework. However, there are sev-
eral representative examples from literature where the
transport gap (HOMO-LUMO separation) was deter-
mined in this manner. Hill et al. [26] performed combined
photoemission and inverse photoemission measurements
on thin PTCDA and CuPc films [26]. Taking into account
polarization effects at the surface and in the bulk of the
organic film they estimated their transport gaps to be
(3.2+0.4)eV and (2.3 4+0.4)eV, respectively. Gao and
Kahn [27] determined in a similar way the transport gap
of (1.95 + 0.4) eV for ZnPc [27]. This will be discussed fur-
ther in the following sections.

This review focuses on energy level alignment at inor-
ganic/organic interfaces and the transport energy gaps
measured via direct and inverse photoemission spectros-
copy, which are relevant for carrier injection and transport
through two classes of the organic materials; i.e. perylene
derivatives and phthalocyanines. The outline of this paper
is as follows: Section 2 addresses the terminology of the
transport gap and optical gap in organic materials followed
by a short overview and comparison with other results.
These results are then discussed in comparison with those
obtained by two independent methods that allow the
LUMO position to be determined. We will discuss in more
detail the determination of the energetic positions and gaps
via direct photoemission and inverse photoemission taking
into account the widths of the HOMO and LUMO features
in molecular solids and justify the approach of edge-to-
edge distance for deriving the band gap. In the following
section the transport gap determined by combining direct
and inverse PES for three different perylene derivatives
are presented. The results are then discussed in comparison
with those from Section 2. They underline the proposition
that the transport gap can be estimated very well from the
edge positions of the HOMO and LUMO features after a
proper deconvolution using the instrumental broadening.
The concepts developed in the previous sections are then
applied to the phthalocyanines. For both classes of materi-
als the experimentally determined values for the transport
gap are compared with the optical gaps. Similarities and
differences will be highlighted. We close this review with
a summary of the experimental results.

2. Transport gap and optical gap in organic materials
The energy separation between HOMO and LUMO in

an organic solid is called HOMO-LUMO gap. The charge
injection processes requires promotion of an electron or a
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hole from the electrodes into one of the charge transport
(HOMO or LUMO) states of the organic film. In organic
semiconductors the charge carrier states are highly local-
ized on individual organic molecules. Several factors con-
tribute to this localization. First there is the small overlap
between wave functions that lead to bandwidths of the
HOMO and LUMO Ilevels up to typically 200 meV. In
energy bands being very narrow conduction occurs via tun-
neling and hopping between molecular sites justifying the
modest mobilities. The second localizing phenomenon is
the polaron formation driven by the electron—phonon
interaction which is in particular effective in organic solids
having both strongly coupled intramolecular phonons and
many low energy intermolecular modes. Consequently, a
simple addition or removal of a charged particle will induce
polarization effects. The transport gap, E;, which is the
energy necessary to create a separated electron—hole pair,
thus has a substantial polarization energy contribution
(1-2eV). Still it exceeds the optical gap, E,p, by ~1eV.
The optical gap corresponds to the formation of a Frenkel
exciton with the electron and hole on the same molecule or
a Change Transfer exciton with the electron and hole on
two adjacent molecules. The calculated difference between
E; and E,p should be close to the exciton binding energy
which can be as large as 1 eV [26]. This difference between
optical and transport gap is usually ignored for inorganic
semiconductors due to the low Wannier exciton binding
energy. For inorganic semiconductor the band gap can
thus often be obtained from the onset of the optical
absorption spectra and E; equals in a good approximation
the optical gap, Eqp.

Considering excitons in organic materials measurements
employing electron energy loss provided an interesting cor-
relation between the length of molecule and the size the
exciton [28]. It was reported that in conjugated polymers
the exciton binding energy is small (~200 meV) while in
small molecules like Cg, the exciton binding energy is larger
than 1.5eV. However, the issue of the exciton binding
energy continues to be a controversial one. Detailed exper-
imental information on the exciton properties, in particular
their dispersion, is not available to date despite the tremen-
dous importance of such data as a basis for a complete
understanding of the various phenomena in organic molec-
ular solids.

Here direct Valence Band PhotoEmission Spectroscopy
(VB-PES) combined with inverse photoemission spectros-
copy (IPES) were used to probe the transport gap (E)),
while UV-vis and spectroscopic ellipsometry measure-
ments were used to investigate the optical gap (E£,p). More-
over, combined VB-PES and IPES is the equivalent of an
experiment in which the electron is removed from the mol-
ecule (VB-PES) or added to the molecule (IPES). Compar-
ison of the energy difference between the hole induced state
and electron induced state with the energy of formation of
a electron—hole pair (E,p) leads to an approximation of the
exciton binding energy. Beyond the evaluation of the exci-
ton binding energy, the main interest in this review is to

provide an accurate determination of the transport gap in
organic molecular solids. This requires consideration of
several points.

First, for organic semiconductors the molecular polari-
zation and charge localization complicates the situation.
When a charge carrier is brought into a molecular solid,
its field polarizes the surrounding molecules. A secondary
polarization field created by polarized molecules contrib-
utes to the total self-consistent polarization clouds that sur-
round each charged particle. The formation of these
polarization clouds is associated with the stabilization
energy P" for cations and P~ for the anions. Since Cou-
lomb interactions are long-ranged, polarization clouds
can extend over many lattice constants and P is signifi-
cantly different at a free surface, near a metal-organic
interface, in thin organic layers and in the bulk [29,30].
The second point that is related to the first is that VB-
PES and IPES are surface sensitive techniques and as such
provide about electron states located predominantly in the
surface molecules.

As already mentioned above combined direct-inverse
PES measurements were so far only performed on thin
PTCDA and CuPc films by Hill et al. [26] and Gao and
Kahn [27] on thin films of ZnPc. In Hill’s work the
HOMO-LUMO separation for PTCDA, as measured by
the peak-to-peak distance, is (4.0 +0.1) eV. This value is
assumed to be the distance between the centroids of the
two peaks representing the HOMO and LUMO of a single
molecule. However, this value suffers corrections related to
the width of the observed peaks. The first correction is due
to vibrational excitations that tend to shift both the mea-
sured HOMO and LUMO peaks away from the Fermi
level. Therefore, the measured peak-to-peak separation
increases by the Franck—Condon maxima which are esti-
mated to be about 100 meV for each peak [31]. The next
correction is attributed to the above mentioned difference
between bulk and surface polarization. The correction to
obtain the bulk from the surface polarization was first
experimentally estimated by Salaneck to be around
0.3 eV for a molecule like anthracene [32] and theoretical
methods to estimate the polarization energy in the bulk
were developed by Soos et al. [33]. Consequently, the cor-
rection from measured HOMO-LUMO gap to the bulk
E; is obtained by adding the charge separation energy of
0.3 eV for the HOMO and 0.3 eV for the LUMO and the
total correction is summing up to 0.8 eV. Finally, the trans-
port gap of PTCDA estimated by Hill et al. [26] is
(3.2+0.4)eV.

Electrical transport measurements such as current—volt-
age (J-V) characteristics can provide further hints on the
widths of the transport gap. Results obtained in our group
revealed that the effective barrier height of Ag/PTCDA/
GaAs(100) Schottky contacts changes as a function of
GaAs(100) surface pre-treatment and as a function thick-
ness of the PTCDA interlayer. Crucial for the understand-
ing of J-V characteristics of the organic modified diode is
the energy level alignment. Since the substrates used and
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the organic material are primarily electron conducting, the
barrier for electrons is determined by the offset between the
conduction band minimum (CBM) and LUMO. Particular
the position of the latter is usually not well known.

Fig. 1 shows the in situ J-V characteristics of an organic
modified Ag/S-GaAs(100) and Ag/GaAs(100) Schottky
contact on a semi-logarithmic scale. For S-passivated
GaAs(100) substrates the barrier height is found to
increase for thin PTCDA layers, ~5nm. On the other
hand, the J-V measurements for GaAs(100) substrates
cleaned by hydrogen plasma reveal that the barrier height
is found to decrease for thin PTCDA layers, ~6 nm. An
increase in the barrier height for Ag/PTCDA/S-GaAs(100)
contacts indicates that the electrons have to overcome an
additional barrier. This additional barrier is due to the
CBM-LUMO offset and indicates that the E; ynmo position
is above Ecpym. The distance between Epymo and Ecpm
can be estimated by the increase in barrier height to be
approximately 0.13 eV. A decrease in barrier height for
Ag/PTCDA/GaAs(100) contacts, on the other hand, indi-
cates that Eyyumo i1s at or below Ecgym. The HOMO-
LUMO transport gap of PTCDA can then be estimated
to be 2.51-2.54 ¢V using the energy level alignment deter-
mined by VB-PES shown on the right side of Fig. 1. Using
VB-PES only the offset between the Valence Band Mini-
mum (VBM) and the HOMO can be determined. The
transport gap results from adding the band gap of GaAs
and the additional barrier determined from the J-V
measurements.

Besides in situ J-V characteristics there is another inde-
pendent method developed to evaluate the LUMO posi-
tion. It employs the interface dipole at interfaces between

PTCDA or DiMe-PTCDI and differently treated
GaAs(100) surfaces [11,19,34]. It was proposed that for a
vanishing interface dipole the CBM and the LUMO align,
or, in other words, the electron affinity of the organic semi-
conductor equals the electron affinity of the GaAs sub-
strate. A strong correlation is found between the interface
dipole and the relative energy position of Ejymo and
Ecpm, respectively, the electron affinities of PTCDA or
DiMe-PTCDI (EAp) and the substrate (EAgaas)- EHomo
is always located well below Eypym. A detailed description
of the interface dipole formation at the interfaces between
PTCDA/n-type GaAs and DiMe-PTCDI/n-type GaAs was
given elsewhere [11,19] and is not discussed in detail in this
work. However, the basic idea is that at thermal equilib-
rium, the number of electrons and holes that are trans-
ported across the interfaces should be equal. Due to the
difference in EA and IE between the substrate surfaces
and the organic films, each electron and hole transported
undergoes an energy loss or gain. The net energy loss,
therefore, depends on the electron and hole concentration
that is transported across the interface and the energy dif-
ference of EAgaas — EAp and IEg,as — IEo. The interface
dipole is formed in order to compensate the net energy loss.
Since the GaAs used as substrate is doped for n-type con-
duction, it is expected that the number of electrons trans-
ported across the interface with the organic film is much
higher than that of holes and, therefore, EAga.as — EAo
can be proposed to be the driving force for the interface
dipole formation.

In Fig. 2 the interface dipole is presented as a function of
EAgGaas. It can be seen that the interface dipole formed at
the organic/GaAs(100) interfaces is linearly dependent on
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Fig. 1. (a) In situ J-V characteristics of Ag/GaAs(100), Ag/S-GaAs(100) (solid lines), Ag/PTCDA(6 nm)/GaAs(100) and Ag/PTCDA(5 nm)/S-
GaAs(100) Schottky contacts (circles) shown on a semi-logarithmic scale. (b) Energy level diagram for PTCDA/S-GaAs(100) and PTCDA/GaAs(100)

interfaces measured my means of VB-PES.
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Fig. 2. The interface dipole formed at PTCDA/GaAs(100) and DiMe-
PTCDI/GaAs(100) interfaces versus electron affinity of GaAs(100).

EAGaas- Using a linear fit, the interface dipole for PTCDA is
found to be zero at EAgaas = (4.12 + 0.10) eV. This value
also represents EAprcpa assuming that the formation of
the interface dipole is driven by the difference between the
electron affinities. For DiMe-PTCDI, on the other hand,
EAGaas Was found to be zero at (3.82 +0.10) eV. With
the ionization energies of IEprcpa = (6.95+ 0.08) and
IEpime-pTcpr = (6.6 £0.15) eV, a transport gap of
(2.83 +0.1) eV for PTCDA and of (2.78 + 0.1) for DiMe-
PTCDI is determined.

Therefore, from in situ J-V characteristics and the inter-
face dipole cancellation method values in the range of 2.51—
2.83 eV for the transport band gap of PTCDA are expected.
These are significantly smaller than the value for the trans-
port gap of PTCDA proposed by Hill et al. [26].

Besides the methods presented above another method
that was employed to determine the transport gap of
organic materials is cyclic voltammetry. It was used to
determine the reduction and oxidation potentials (redox
potentials) of metallophthalocyanines in solution. The first
redox potentials correspond to the removal or addition of
one electron and the summation of these potentials should
thus provide values related to the transport gap of the
materials. The potentials were measured, among other met-
allophthalocynines, for H,Pc [35,36] and CuPc [35]. The
transport gap determined in this way is 1.76 €V/2.0 eV
for H,Pc and 1.76 eV for CuPc. In the CuPc case the value
is smaller than that proposed by Hill et al. [26]. Electrical
measurements of the charge injection process with electro-
chemical methods where ions are created and/or counter
charge are solved in an electrolyte are equilibrium pro-
cesses where the system has sufficient time to fully “adjust”
to the new charge distribution. Thus the situation is not
comparable to the solid state case and care has to be taken
when using values determined from electrochemistry e.g.
for predicting energy level alignments.

As argued above, the transport gap of organic molecular
solids cannot be determined by means of optical spectros-

copies (or cyclic voltammetry) and requires the VB-PES-
IPES combination. Moreover, the peak-to-peak method
used to determine the transport gap seems to overestimate
its value.

3. Experimental and data analysis

The experiments described in this review focus exclu-
sively on organic molecular beam deposited thin films of
n-conjugated molecules.

The perylene derivatives, PTCDA, DiMe-PTCDI and
PTCDI were purchased from Sensient Imaging Technolo-
gies GmbH (former SynTecGmbH, further being purified
twice by sublimation at 575K wunder high vacuum
(~10~® mbar). Each material was then filled into a quartz
crucible that was mounted in a Knudsen cell-type evapora-
tor. Before the evaporation of the organic material, the
Knudsen cell was thoroughly degassed for a few hours at
200 °C. Organic thin films were prepared using organic
molecular beam deposition (OMBD) from the Knudsen
cells operating at 280 °C for all three organic materials.
Sublimed CuPc and H,Pc provided by Sensient Imaging
Technologies GmbH were employed without further puri-
fication. F4CuPc and FsCuPc were supplied by IAPC
(University of Bremen). The Pcs were evaporated from
Knudsen cells kept in a temperature range of 340-370 °C.
For perylene derivatives the substrates were tellurium
doped n-GaAs(100) (Freiberger Compound Materials
GmbH, Np =2x 10" cm™3). Prior to OMBD they were
sulphur passivated. Details about the passivation can be
found elsewhere [37]. During the deposition the substrates
were kept at room temperature. The organic films were
deposited at a rate of typically 0.2 nm/min up to a total
thickness of 15 nm. For Pcs hydrogen passivated p-type,
(111) oriented silicon with a doping concentration of
approximately 1.5x10">cm™> served as substrate. The
passivation process consists of a wet chemical etching in
a solution containing HF (40%). After the passivation pro-
cess the samples were transferred into UHV. The evapora-
tion rates were in the range of 0.1 up to 2 nm/min with the
substrate kept at room temperature. Evaporation rates and
film thicknesses were monitored by means of a quartz crys-
tal microbalance and confirmed by post-growth ellipsome-
try measurements. The thicknesses of the organic layers
were always kept in a range (typically <20 nm) for which
charging effects during the VB-PES and IPES experiments
are negligible.

The principal techniques used in this work are valence
band photoemission spectroscopy (VB-PES) and inverse
photoemission spectroscopy (IPES). VB-PES is used to
investigate the occupied electronic states of organic and
inorganic materials below the Fermi level. A typical VB-
PES spectrum of an organic thin film is shown on the left
side of Fig. 3. It consists of a number of well defined fea-
tures related to the density of occupied states of the molec-
ular solid and a low energy secondary electron peak which
results from inelastically scattered electrons. Exonmo corre-
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Fig. 3. A VB-PES and IPES spectra of a thin organic film from the
HOMO to the low energy cutoff on the left side and unoccupied states with
the LUMO on the right side.

sponds to the edge of the HOMO peak towards lower bind-
ing energy as measured with respect to the Fermi level. The
ionization energy (IE) is measured by subtracting the total
width of the spectra measured from the low kinetic energy
onset to Egyomo from the photon energy. The position of
the vacuum level Eyac is determined from the low kinetic
energy edge of the secondary electron peak when a bias of
—10 V is applied on the sample. A shift in the photoemis-
sion cutoff upon formation of an interface provides infor-
mation on the interface dipole between the two materials.
The energy resolution is about 80 meV when using syn-
chrotron radiation and 150 meV when using a He I dis-
charge lamp. For the UPS spectra no deconvolution of
the instrumental broadening was performed since the
instrumental resolution is much smaller than the width of
the spectral features.

Using the time reversed photoemission process, inverse
photoemission spectroscopy (IPES) provides information
on the unoccupied electronic states in the energy region
above the Fermi level. An electron with well-defined kinetic
energy Fy;, impinges on the sample and couples to states in
the solid which are lying above the vacuum level E,,. of the
sample. From this initial state with energy E; the electron
decays radiatively to lower lying unoccupied electronic
final states with energy E;. In the IPES experiment the den-
sities of unoccupied states are determined by sweeping the
electron energy and keeping the energy of detected photons
constant, i.e. in the isochromat mode. The IPES experi-
mental set-up working in the isochromat mode is a “home”
built system. The fixed-energy photon detector [38] consists
of a Geiger—Miiller tube with a magnesium fluoride (MgF>,)

window filled with a gas mixture containing ethanol and
argon. The ionisation energy of ethanol and the transmis-
sion function of the MgF, provide a value of 10.9 eV as
the nominal detection energy of the detector. A low energy
electron gun [39] was used to produce a mono-energetic
electron beam. The overall IPES instrumental resolution
as estimated from the width of the Fermi edge measured
on an Ar sputtered nickel sample is 0.4 eV. Spectra were
recorded at normal incidence with a current density in
the range of 10~¢ A/cm?. This value is low enough in order
not to damage the organic films. A typical spectrum (see
right side in Fig. 3) has its onset above the Fermi level
Er and E7 ymo corresponds to the edge of the LUMO peak
towards lower binding energy.

Due to the rather poor instrumental resolution of the
IPES spectra a special treatment was required. It consists
of a deconvolution of the spectra using a Gaussian function
with a full width at half maximum (FWHM) of 0.4 eV. The
LUMO edge determination for the PTCDA case is illus-
trated in Fig. 4. First the background in the IPES spectrum
of 15nm PTCDA deposited on sulphur passivated
GaAs(100) is subtracted. The background used in this case
is described by a cubic polynomial function, others such as
exponential function were also considered. The choice of
the background, however, has negligible influence on the
LUMO energy position. The IPES data were then fitted
using Gaussian peaks using a nonlinear least-squares fitting
technique. The fitted peaks were then deconvoluted using
Gaussian functions with a FWHM of 0.4 eV.

The contribution of these individual peaks to the overall
intensity of the measured IPES data is plotted with thick
lines and the deconvoluted contributions are plotted with
open circles. As we shall see later from the theoretical cal-

IPES of PTCDA / S-GaAs (100)
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Fig. 4. The IPES spectra of a PTCDA thin film together with convoluted
and deconvoluted individual peaks that contribute to the overall intensity.
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culations the LUMO state is well separated, ~1.5 eV, from
the other contributions to the density of the unoccupied
states. However, its FWHM after deconvolution is larger
than the FWHM of the HOMO by about ~0.2 eV. This
is an inherent property of IPES spectroscopy and is related
to the lifetime of the final states [40].

Consequently, the information on the electronic proper-
ties that can be derived from the combination of direct and
inverse photoemission measurements is:

e The position of the highest occupied molecular orbital
(HOMO), the ionization energy, the work function of
the organic semiconductor, and the vacuum level
position.

e The position of the lowest unoccupied molecular orbital
(LUMO) of the organic semiconductor and the electron
affinity as the difference between the vacuum level and
the position of the LUMO.

Nevertheless, the HOMO and LUMO require special
attention when evaluating their positions on the energy
scale. In that respect it is useful to briefly reconsider the
inorganic semiconductor case and refer for the moment
just to the valence states. Nowadays accurate determina-
tion of valence band maxima (VBM) for inorganic semi-
conductors is essential for determining the effectiveness of
band offset engineering at heterojunctions. In order to
determine the valence band offset of a semiconductor het-
erojunction, detailed knowledge of the energy positions
of the VBM of two adjacent materials is necessary. Due
to the strong dispersion of the uppermost valence band
VBM has to be determined at the correct point in k-space.
This can be conducted by selecting suitable excitation ener-
gies and by employing a linear extrapolation of the VB
edge [41]. This approach is experimentally justified by the
excellent results obtained when using VB-PES and IPES
to derive band edges for band gap determination [42].
The arguments which suggest that the linear extrapolation
is the best approximation are: firstly, a limited angular res-
olution leads to a non-symmetric broadening towards
higher binding energies due to the downward dispersion
from the VBM in all k-directions. Secondly, inelastic scat-
tering processes (such as phonon excitation) will also lead
to a broadening which is more pronounced towards higher
binding energies, because at room temperature an energy
loss is more probable than an energy gain by such scatter-
ing processes. Thirdly, due to the fact that photoemission
probes the final state of the system with the presence of a
core hole screening processes play an important role.
Incomplete screening on the timescale of the photoemission
process leads to a spectral shift towards higher binding
energies. Hence, if the screening is spatially and/or tempo-
rally inhomogeneous, it is the spectral weight with lowest
binding energy, which most closely approximates the
ground state. In summary, the discussed processes all lead
to non-symmetric broadening towards higher binding ener-
gies, and in all three cases the spectral weight with lowest

binding energy corresponds to the best approximation of
the ground state properties.

In organic semiconductors the above discussed pro-
cesses are also present. Moreover, due to charge localiza-
tion the electron—phonon interaction is in particular
effective in organic solids having both strongly coupled
intramolecular phonons and many low energy intermolec-
ular modes. Spatial variations in the electronic contribu-
tions to the intermolecular relaxation energies in the
vicinity of the surface and local site-to-site variations in
ion state energies due to the non-equivalent local environ-
ments in the non-single crystalline film can contribute to
broadening as well. As mentioned in the introduction, the
VB-PES spectrum will show the HOMO shifted by the
polarization energy (P') induced by the presence of a
molecular cation. Similarly the IPES spectrum shows the
LUMO shifted by the polarization P~ induced by the pres-
ence of the molecular anion. Therefore, when analyzing the
VB-PES and IPES features, the positions corresponding to
HOMO and LUMO, respectively, are better represented by
the edges of these peaks after a proper deconvolution with
the instrumental broadening.

A comparison between the occupied and unoccupied
electronic states measured via PES/IPES and those derived
from density functional theory (DFT) [43] represent one
good approach for providing fruitful information about
the electronic structure. In this work the density of states
(DOS) is simulated using molecular orbital calculations.
These calculations were performed using the Gaussian’98
package [44] with the B3LYP method and 6-31++G(d,p)
basis set to describe the core orbitals and the inner and
outer part of the valence orbitals. Geometric structures of
the molecules involved in this work were determined by
performing optimization with the standard gradient tech-
nique in the same Gaussian’98 package. The calculated
binding energies of each molecular orbital (MO) state for
a single molecule are convoluted using Gaussian functions
with a FWHM adapted to the experimental linewidths. No
photoionization cross-section is included in the calcula-
tions. The calculated spectrum is then rigidly shifted in
order to match the HOMO energy with the first experimen-
tal peak. However, a comparison between the energy scales
is found not to be required to achieve a good match
between the experimental and theoretical lineshapes
[27,45]. Even though the origin of the difference is not eas-
ily understood, it is consistent with the fact that the meth-
ods, i.e. HF, B3LYP, etc. of the Gaussian’98 package,
systematically overestimate the band gap of materials and
with it the energy positions. On the basis of the B3LYP
method results, the LCAO (linear combinations of atomic
orbitals) patterns of occupied and unoccupied levels of the
molecules involved in this work have been plotted and are
discussed in the following sections.

For evaluating the exciton binding energy optical spec-
troscopies were employed. UV/VIS transmittance spectra
were taken for all perylenes on quartz using a Specord
M40 spectrometer. For phthalocyanines spectroscopic
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ellipsometry measurements were performed using a vari-
able angle spectroscopic ellipsometer (VASE by J.A. Wool-
lam Co. Inc.) equipped with an auto-retarder and a
Xe-lamp source.

4. Transport gap of perylene derivatives

The perylene derivatives, here 3,4,9,10-perylenetetra-
carboxylic dianhydride (PTCDA), 3,4,9,10-perylenetetra-
carboxylic-diimide (PTCDI), and N-N'-dimethyl-3,4,9,10-
perylenetetracarboxylic  diimide (DiMe-PTCDI) are
organic semiconductors with a m-conjugated electron sys-
tems. When used as active elements in organic electronics
the performance of devices depends on the efficiency of
the charge transport. The charge transport properties are
strongly depending on the molecular packing. Specific
arrangements can lead to an increase of electron mobilities.
Perylene derivatives form crystal structures with displaced
dimers that arrange themselves in a herringbone fashion.
Moreover, when the molecules are chemically tailored or
modified major variations in solid state packing and elec-
tronic properties were observed. These modifications were
discussed earlier by Klebe et al. [46] and are referred to
as the crystalochromic effect. The possibility of changing
the solid state packing by changing the individual mole-
cules implies that the perylene derivatives can be used to
tune the transport properties. At the same time the elec-
tronic properties can be considerably affected by the chem-
ical modification (derivatization). Employing the VB-PES/
IPES combination the effect of the functional groups (elec-
tron-withdrawing groups) on the HOMO and LUMO posi-
tions can be evaluated.

Moreover, insight into the electronic structure of the
organic solids can be obtained by comparing measured
and calculated densities of states. The calculated DOOS
of PTCDA as shown in Fig. 5 (left) is similar with what

Experi]mental

Calculated

Intensity / a.u.

UL 1]

PO N U T I
2 10 8 6 4 2 E 1 2 3

Fig. 5. VB-PES and IPES spectra of a thick PTCDA layer compared to
the calculated molecular orbitals (MO) of a single molecule. The
calculated spectra are the result of the convolution of Gaussian functions
centered on the MO and having a FWHM determined from the fit of the
experimental HOMO and LUMO features.

was measured experimentally using a photon energy of
45 eV. This excitation energy was chosen based on photo-
ionization cross-section considerations. In order to com-
pare the simulated DOOS and the measured valence
band spectrum the energy scale of the calculated spectrum
was shifted by 0.65 ¢V towards higher binding energies.
The calculated DOUS was obtained by Gaussian broaden-
ing of each orbital energy with a FWHM of 0.70 eV. In
order to compare the simulated DOUS with the measured
IPES spectrum the energy scale of the calculated spectrum
was shifted by 0.87 eV towards the Fermi level. The value
of the Gaussian FWHM was taken equal to the FWHM
of the experimentally deconvoluted LUMO state. The ver-
tical bars in this figure represent the calculated binding
energies of each molecular orbital (MO) state for a single
molecule.

Even though there is a common drawback for all
approaches based on DFT in predicting the energy gap,
the trends in calculated values were found satisfactory in
understanding some physical phenomena. As shown in
Fig. 5, the agreement between the experimental and theo-
retical lineshapes is very good. The highest occupied and
lowest unoccupied molecular orbital, respectively, originate
from a single molecular orbital with © character which is
distributed predominantly over the perylene core. The
good agreement demonstrates that the electronic properties
of organic molecular films are still close to those of the
individual molecule.

VB-PES and IPES measurements of 15nm PTCDA,
DiMe-PTCDI and PTCDI films deposited onto sulphur
passivated GaAs(100) are presented in Figs. 6-8. The
VB-PES data are depicted on the left side of the figures,
while the IPES data are on the right side. Contributions

Intensity / a.u.

Binding energy / eV

Fig. 6. Combined VB-PES and IPES measurements of PTCDA with the
charge density contours of the HOMO and LUMO on top of the figure.
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Fig. 7. Combined VB-PES and IPES measurements of PTCDI with the
charge density contours of the HOMO and LUMO on top of the figure.

Intensity / a.u.

Binding energy / eV

Fig. 8. Combined VB-PES and IPES measurements of DiMe-PTCDI with
the charge density contours of the HOMO and LUMO on top of the
figure.

of the individual peaks to the overall intensities of the
experimentally measured IPES data are plotted with lines
while the deconvoluted contributions are plotted with
dashed lines. The VB-PES and IPES spectra for all the per-
ylene derivatives were aligned on the energy scale with
respect to the Fermi level.

The HOMO and LUMO energy positions (edges) are
determined from the intercept of two linear extrapolations.

Table 1
Transport gap of PTCDA, DiMe-PTCDI and PTCDI as determined from
combined measurements of VB-PES and IPES

(E_erc.ll—iz;;g;edge + 02) (Epeak-to-peak + 02) EOptical

(eV) (eV) (eV)
PTCDA 2.74 4.05 222
DiMe-PTCDI 2.6 4 2.16
PTCDI 2.37 3.7 2.17

For comparison the optical gap values obtained from the spectra in Fig. 9
are presented as well.

One is describing the background and the second one being
a tangent to the most prominent band edge in the inflection
point. However, for comparison purposes with the litera-
ture data the peak-to-peak energy is shown as well. The
results obtained for the three perylene derivatives are given
in Table 1. The resulting transport gaps show a dependence
on the functional groups. The addition of a more electro-
negative functional group to the perylene core leads to sta-
bilization of both occupied and unoccupied energy levels.
The replacement of the anhydride group by the less polar
imide or methylimide group leads to a smaller energy split-
ting between the energy levels since the charge is moved
from the aromatic part, acting like a donor, to the accept-
ing functional groups. It seems that the electron-withdraw-
ing groups strongly influence the energy positions,
especially the LUMO levels. Moreover, it is noticeable that
such chemical derivatization does not influence the shape
of the molecular orbitals. As depicted above in Figs. 6-8
the charge densities related to the HOMOs and LUMOs
are mainly distributed over the perylene core and have m-
character. The trend observed for the transport gap is also
preserved in the values for the optical gaps of these mate-
rials. These values were determined from the position of
the first absorption peak in optical absorption (see Fig. 9).

It is now time to compare the VB-PES/IPES results with
the results obtained using the interface dipole cancellation
method. With the ionization energies presented in Fig. 10 a
transport gap of (2.85+£0.1)eV for PTCDA and of

| O}Iatical

absorption

Absorption / a.u.

" 1 "
2.0 2.5 3.0 3.5 4.0
Energy / eV

Fig. 9. Optical absorption spectra of PTCDA, DiMe-PTCDI and PTCDI.
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|Eprcpa=(6.95+0.08) eV

Ey - A=-0.45 eV Ey. -

EVBM

|Epime-pTcpi=(6.6+£0.08) eV
A=-0.65 eV Ey -

|IEpTcmi=(6.42+0.08) eV
A=-0.6 eV

Fig. 10. Energy level alignment at the organic/S-GaAs(100) interfaces measured using VB-PES for determining the HOMO, ionization energy and work

functions, and IPES for determining the LUMO position.

(2.65 £ 0.1) for DiMe-PTCDI was determined. The values
of (4.1 £0.2)eV for EAprcpa and (3.95+0.2)eV for
EApime-prcpr are in very good agreement with the ones
determined by 4 =fEA), being (4.12+0.1)eV for
PTCDA and (3.82 £ 0.1) eV for DiMe-PTCDI. The value
for the band gap of PTCDA is larger than the one expected
from the J-V characteristics but taking into account the
experimental error of 0.2 eV for IPES all values are in
good agreement. Consequently the edge-to-edge method
for determining the transport gap is proposed to provide
reliable values for the transport gap.

5. Transport gap of phthalocyanines

Although quite extensively studied materials, phthalocy-
anines were rarely evaluated using combined direct and
inverse PES in order to determine the transport band
gap, [26]. In particular, for the following Pcs: H,Pc,
F4CuPc and F;4CuPc involved in this work there are no
known studies of their transport gap using VB-PES and
IPES.

Fig. 11 displays a comparison of the VB-PES and IPES
experimental spectra and calculated molecular orbitals
(MO) of H,Pc. The experimental spectra were recorded
on layers of 20 nm thickness of H,Pc. The calculated MO
energy positions using Gaussian’98 are obtained with
respect to the vacuum level. Their positions were scaled
to the Fermi level by adding the experimentally determined
work function of the organic material. On the left hand side
of Fig. 11 the experimental and simulated VB-PES spectra
are shown. The Gaussian functions used to generate the
simulated spectra have a FWHM of 0.5 eV. The calculated
positions of MO were shifted away from the Fermi level by
0.48 eV in order to fit the calculated HOMO with its exper-
imentally determined position. On the right-hand side of
Fig. 11 the experimental and simulated IPES spectra are
shown. The experimental data are displayed together with
the fit and the deconvoluted spectra. The FWHM of the
deconvoluted LUMO (0.63 eV) was taken into account
for the simulation of the calculated MO. The simulated
spectra were shifted away from the Fermi level by approx-

3 H,Pc
\ / Expernmental
s
= Calculated
= HOMO LUMO
‘D
e
2
=

Fig. 11. VB-PES and IPES spectra of thick H,Pc layer compared to the
calculated molecular orbitals (MO) of a single H,Pc molecule. The
calculated spectra are the result of the convolution of Gaussian functions
centred on the MO and having a FWHM determined from the fit of the
experimental HOMO and LUMO features.

imately 0.65 eV for the calculated LUMO peak position to
fit with experimental one. However, we have to note that
the first peak in the IPES spectra is composed of two states
as judged from the DFT calculation. In the upper panel of
Fig. 11, we show the charge density contours of the
HOMO and LUMO on the H,Pc molecule. In the case
of the density of unoccupied states the presented LUMO
is the lowest energy occurring from the calculation. There
is quite good agreement between the lineshapes of the sim-
ulated and experimental spectra and this proves again the
weak inter-molecular interaction present in the organic
layer.

Fig. 12 shows a zoom in the HOMO-LUMO region for
all four phthalocyanines. The VB-PES and IPES experi-
mental data were scaled in order to be plotted in the same
graph. In each case the HOMO position was determined by
extrapolating the lower binding energy edge to the back-
ground. On the other hand, the LUMO was fitted and
the resulting peak deconvoluted. The LUMO position



D.R.T. Zahn et al. | Chemical Physics 325 (2006) 99-112

109

% =
@, (<) @, ®
9 [ 4 «° [ 4
14 —
T .-,, T HZPC | H-Si T .i. T
HOMO LUMO
. -1.33 eV 1.86 eV
= e -
m - -
5 2
® -0.9eV  1.3eVy "\
c ’ )
@ 1
=

o &
2 §iss
PN
‘1'_ + CuPc / H-Si =
HOMO LUMO
1.4 eV 1.64 eV

-0.95eV 1.22e

Intensity / a.u.

-2 -1 E 1 2 3

F

(a) Binding energy / eV

41 E 1 2 3

Binding energy / eV

E

(c) Binding energy / eV

Fig. 12. Determination of the transport gap for:

was determined from the extrapolation of the lower bind-
ing energy edge of the peak obtained after deconvolution.
The charge density contours of the HOMO and LUMO
are included in the upper panel of each figure.

The energy band diagrams of the Pcs are displayed in
Fig. 13. The hydrogen passivated silicon substrate is
included as well. For simplicity the band bending of the
substrate is omitted. The electronic properties of the H-
Si surface are the following: IE = (5.02 +0.07) eV and
® =(4.22 £ 0.07). The electronic properties of all four
Pcs are summarised in Table 2. When evaluating the
obtained electronic properties of H,Pc and CuPc, we
observe slightly lower IE, @ and EA values for CuPc than
for H,Pc. The difference amounts to approximately
0.15 eV. This is expected when taking into account the elec-
tron affinity of Cu (1.22 eV) [47,48] which is lower than the
EA of H,Pc. Thus the addition of a Cu atom to the H,Pc
molecule brings additional charge (valence electrons) and
decreases the overall EA of the resulting molecule (CuPc).
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(d) Binding energy / eV

(a) HyPc, (b) CuPc, (¢) F4CuPc and (d) F¢CuPc.

Then again, the addition of fluorine to the CuPc molecule
increases EA as shown in Table 2 for the fluorinated Pcs.
Considering that the EA of fluorine has a value of
3.2 eV, an overall increase in EA of a molecule is expected.
Moreover, the change in interface dipoles is also driven by
the change in EA. Thus the interface dipoles that arise at
the interfaces scale linearly with the electron affinities of
the Pcs. Fig. 14 shows a plot of the interface dipole formed
at Pc/H-Si interfaces as a function of the EA of each Pc.
The dashed line is the linear fit to the experimental data
points. The slope of the linear fit is 0.75. Such a strong drop
in the interface dipole due to fluorination was observed as
well for the fluorinated Pcs deposited on Au [49]. A linear
dependence of IE and @ was also observed, but the calcu-
lated slope is around 1.

Similarly to the previously described electronic proper-
ties, the resulting transport gaps show a dependence on
the degree of fluorination. In detail £, of CuPc and H,Pc
has the same value of (2.2 4+ 0.2) eV, then E; decreases with
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Fig. 13. Energy band diagrams of: (a) H,Pc/H-Si, (b) CuP¢/H-Si, (¢) F4CuPc/H-Si and (d) F;¢CuPc/H-Si systems.

Table 2
Electronic properties of Pcs
@ (eV) IE (cV) EA (cV)
H,Pc (4.04 +0.07) (4.96 +0.07) (2.74 £ 0.2)
CuPc (3.87 £0.07) (4.824+0.07) (2.654+0.2)
F,CuPc (4.70 £ 0.07) (5.55+£0.07) (3.60 £+ 0.2)
F;4CuPc (5.42 £0.07) (6.32 £ 0.07) (4.524£0.2)
1.5 —r— T —
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Fig. 14. Interface dipole formed at Pc/H-Si interfaces as a function of the
electron affinities of the Pcs.

the increasing number of fluorine atoms in the molecule,
e.g. (1.954+0.2)eV for F4CuPc and (1.8 £0.2)eV for
F¢CuPc. This trend is also preserved in the values of the
optical gaps of these materials. The presence of the same
value for E, of CuPc and H,Pc is expected since there is

no metal contribution to their HOMO and LUMO [25].
Fig. 15 shows the imaginary part of the dielectric function
&, for the Pcs/H-Si systems obtained from spectroscopic
ellipsometry measurements [50-52]. In the energy range
of 1.4 eV up to 2.4 eV the Q absorption band of Pcs resides
[50]. The first absorption peak placed at lowest energy cor-
responds to the optical gap of the organic material. The
values for the optical gaps as well as the values for the
transport gaps are shown in Table 3.

Optical absorption -

€, / a.u.

1.5 2.0 25 3.0 3.5 4.0 4.5
Energy / eV

Fig. 15. Imaginary part of the dielectric function (&) for H,Pc, CuPc,
F4CuPc and F;¢CuPc. The spectra were rescaled in order to be plotted in
the same graph. Marked with vertical line are the first absorption peaks
the positions of which correspond to the optical gaps.
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Table 3
Transport gaps and optical gaps of phthalocyanines

E, (eV) Eqp (€V)
H,Pc (224+0.2) 1.75
CuPc (2.2+0.2) 1.76
F,CuPc (1.95+0.2) 1.76
FsCuPc (1.8 £0.2) 1.60

In addition, the HOMO and LUMO of the fluorinated
molecules are extended over the fluorine atoms. This clearly
indicates that the fluorine modification of phthalocyanines
plays the major part in the band gap, electron affinity
(EA) and ionization energy (IE) changes. This can be ana-
lyzed based on the high electronegativity of the fluorine
atoms. Fluorine having an electronegativity of 4 eV, the
maximum value on the Pauling scale, induces additional
charge of positive sign on the & system of the Pcs. Therefore,
IE increases as a function of the number of fluorine atoms.
However, when addressing the EA increase of the Pc mole-
cules upon fluorine modification, the electron affinity of
fluorine (EAg) must be taken into account. The EAf has
a value of 3.2 eV resulting in a different slope of the increas-
ing EA function. Thus the transport gap varies with the
increasing number of fluorine atoms.

6. Summary

Using direct valence band photoemission spectroscopy
and inverse photoemission spectroscopy the densities of
occupied and unoccupied electronic states of perylene
derivatives and phthalocyanines were investigated. It is
proposed that the transport gap of organic materials can
be obtained from the edge-to-edge distance between the
HOMO and LUMO features. The resulting values of the
transport gaps are in good agreement with results of electri-
cal measurements and another method of deriving the
transport gap employing measurements of the interface
dipole at inorganic/organic interfaces. Still the error bar
for the band gap values is too large and further improve-
ment in the determination of the gap values is needed in
order to make precise prediction of energy level alignment
at interfaces involving organic semiconductors and thus
heterostructure engineering possible.
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