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Abstract. The electronic structure of phthalocyanine (Pc) ma-
terials, especiallyCu−Pc, Fe−Pc, Ni−Pc, VO−Pc, TiO−Pc,
and two modifications ofH2−Pc, in contact with C60 is
studied using photoelectron spectroscopy with ultraviolet and
X-ray radiation (UPS and XPS, respectively), X-ray absorp-
tion near edge spectroscopy (XANES), and optical transmis-
sion spectroscopy. A possible improvement of the charge-
carrier generation efficiency, which is essential for the per-
formance as photoreceptor material, is thereby found for
these materials upon doping withC60. No ground-state charge
transfer is detected for the Pcs in contact withC60. The ef-
fect of an enhanced photoconductivity is demonstrated for
τ-H2−Pcwhen it is doped by5% C60.

PACS: 79.60; 72.40

Organic photoconductors are of increasing importance for
applications as photoreceptors for xerography or laser print-
ers [1, 2]. They are less toxic than several inorganic com-
pounds which are also in use for these purposes. Also, the
properties of organic photoreceptors in terms of sensitivity
for a specific spectral range can be designed as needed for

Fig. 1. a Principle of a photoreceptor de-
vice. b Model for the electron trans-
fer from Pc toC60 after photoexcitation.
M =Cu, Fe, Ni, VO, TiO, or H2

special purposes. Diode-laser printers benefit from the ab-
sorption bands of phthalocyanines (Pcs) in the near infrared.
A higher sensitivity or an increased speed in creating and
transporting charges, on the other hand, could be very useful
in order to expand the range of possible applications.

Figure 1a displays the working principle of a photorecep-
tor device for xerography or laser printing. The process starts
with a charging of the surface by electrons. Positive image
charges develop at the aluminium substrate. An illumination
produces charge carriers via excited states in the charge-
generation layer (CGL). The positive charges move through
the hole-transporting charge-transport layer (CTL) and com-
pensate the surface electronic charge creating thereby the
image which then will be treated with toner, transferred to
the paper and fused. Phthalocyanines, especiallyTiO−Pc or
metal-freeH2−Pcare already in use in commercial CGL.

One of the key-needs of photoreceptor materials is a high
efficiency for charge-carrier generation. This efficiency can
be enhanced by lowering the recombination rate of excited
states. Since a recombination is most likely directly after the
excitation step, a fast charge separation should be able to
decrease the recombination rate. In order to efficiently sepa-
rate the charges a strong electron acceptor can be used (see
Fig. 1b). The buckminsterfullereneC60 is an ideal candidate



126
TO

TA
L 

E
N

E
R

G
Y

hν

excited state

ground state

recombination
(fluorescence,...)

separate e  , h-     +

Fig. 2. Total energy scheme of photoexcited and charge-separated state (see
text)

for this purpose since it is able to gather at least six elec-
trons as in alkali-C60 compounds [3–5]. Therefore the idea
is to mix it into conventional organic photoreceptors in order
to increase their charge-generation efficiency. An unwanted
enlargement of the dark conductivity is unlikely due to the
rather high inertness ofC60 towards chemical reactions.

However, a necessary condition for a successful charge
transfer is that the charge-separated state is energetically
preferred compared to the non-separated excited state (see
Fig. 2). Therefore we study the electronic structure close to
the optical gap of different Pcs in contact withC60 in order to
determine the transition energy needed for an electron that is
transferred from the valence band (VB) of the Pc towards the
lowest unoccupied molecular orbital (LUMO) ofC60. Photo-
electron spectroscopy with ultraviolet radiation (UPS) is used
for the occupied states and information about the unoccu-
pied states is obtained using X-ray absorption fine structure
spectroscopy (XANES). Both methods are sensitive to pos-
sible chemical reactions of the components and therefore are
used to estimate whether the dark conductivity may be en-
hanced in the compound compared to the pure Pc as a result
of a possible ground-state electron transfer. The optical prop-
erties of the materials are checked by transmission spectra
(200–1200 nm). A direct test of the effect ofC60 as a dop-
ing material in Pcs is done by measurements of the photo-
and dark current as a function of an applied voltage (I/U
curves). Additional information about the geometrical order
and the orbital character of sublimed Pc layers is obtained
by angle-resolved photoelectron spectroscopy with polarized
light (ARPES). In the following we will discuss these experi-
mental results for various examples of Pcs.

1 Experimental

1.1 Sample preparation

Pcs were purchased from STREM-chemicals,C60 is used in
a purity of 99.9%. “Model” samples are produced by subli-
mation from resistively heatedTa boats in ultrahigh vacuum
(UHV) onto metal substrates or ITO-covered glass sheets.
For the ARPES measurements a sputter-cleaned and vacuum-
annealedCu(100) single crystal is used as a substrate. Cover-
ages are controlled with a quartz microbalance. After a thor-
ough outgassing of theTaboats in order to reduce the amount
of solvents in the substances we deposit a rather thin layer of

100–300Å Pc with the purpose of avoiding charging prob-
lems during the photoemission experiments. By this subli-
mation procedure the most stable configuration of the Pc is
produced, which in the case ofH2−Pc is the α or β phase
[1, 6]. In order to produce a sample of pureτ-H2−Pc, mate-
rial containing crystallites of this phase [7] needs to be drop
cast from solution onto the substrate.C60 is UHV-sublimed
from Ta boats in the coverage range of 0.5 up to about 6
monolayers (ML) for a study of the contact region between
the fullerene and the Pc.1 ML of C60 corresponds to8 Å
evaporated material with a density of1.65 g/cm3 [8]. The
sublimation technique is especially useful for the UPS and
ARPES measurements since these methods are surface sen-
sitive and the samples are kept under vacuum between the
preparation and the analysis.

“Technical” samples were obtained from dispersions of
the corresponding Pc and a resin binder, polyvinylbutyral
(PVB) in toluene (AEG-Elektrofotografie). These samples
are denoted as “technical” samples, because similar disper-
sions are used in the production process for CGL layers. The
H2−Pc that is used for this purpose has theτ configuration
[1, 7]. A part of the material is mixed with about5% (by
weight)C60 before the sample is either drop cast or dip coated
from the dispersion onto a metal or glass substrate. The sam-
ples for the optical transmission measurements, for theI/U
measurements, and for some of the XANES measurements
were prepared by this technique. A typical sample thickness
for I/U measurements is350 nm. These samples are sand-
wiches on a glass substrate with an indium–tin oxide (ITO)
contact at one side and an evaporatedAu contact at the sur-
face. The contact area is about0.5 cm2. In order to avoid sys-
tematic changes due to variations in theAu contacts, samples
with and withoutC60 were treated as pairs when evaporating
theAu contact.

1.2 UPS, XPS

After the preparation the samples are kept at room tem-
perature under UHV and analyzed by photoelectron spec-
troscopy using aHe-resonance light source (21.2 eV) for
valence-band spectroscopy with ultraviolet radiation (UPS)
or using monochromatizedAl–Kα radiation (1486.6 eV) for
core-level spectroscopy with X-rays (XPS). The photoelec-
trons are measured using a hemispherical analyzer with an
angular acceptance of±8◦ in normal-emission geometry. All
photoelectrons come from within an area of about7 mm by
4 mm. The overall energy resolution is about0.15 eVfor UPS
and0.5 eV for XPS. The energy scale is referenced towards
the Fermi level(EF) of a bulkAu sample. XPS gives mainly
information on the elemental composition of the samples;
by UPS the valence levels that are directly involved in the
chemical bonds are analyzed. The valence-band onset also is
measured by UPS.

1.3 XANES

X-ray absorption near edge spectra (XANES) are taken using
synchrotron radiation from the HE-PGM 3 monochromator at
the electron storage ring for synchrotron radiation (BESSY)
in Berlin. With this technique a core-level electron is ex-
cited into the unoccupied states at the same atom where the
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core level is located. The excitation cross section depends on
the density of unoccupied states. Measuring the secondary
electron yield, which is proportional to the excitation cross
section, as a function of the photon energy therefore gives the
unoccupied density of states. The electrons are counted with
a yield detector either collecting the total yield or the partial
yield of electrons with kinetic energies above20 eV. By using
the partial yield the information depth is limited, because the
very low kinetic energy electrons with a higher propagation
length through the material, which dominate the total yield,
do not contribute to the signal. The energy resolution depends
on the photon energy and corresponds to about0.3 eV at the
C-1s absorption edge. The analyzed area is about2 mm2 and
is determined by the synchrotron beam diameter on the sam-
ple. The spectra are taken either with normal light incidence
or with an angle of about45◦ between the light incidence and
the sample surface.

1.4 ARPES

Angle-resolved photoelectron spectra (ARPES) are measured
at the undulator beamline U2 at BESSY. The spectra are taken
with grazing-light incidence (75◦ relative to the sample nor-
mal) and normal electron emission. The light polarization is
chosen either with the polarization vector in the plane that
contains the surface normal and the light incidence direc-
tion (p-polarized, see Fig. 3) or with the polarization vector
perpendicular to this but in the surface plane (s-polarized).
The photoelectrons are analyzed with a hemispherical ana-
lyzer with an angle resolution of±5◦ in normal emission
mode. The energy resolution is better than0.1 eV. By the po-
larization dependence of the ARPES spectra information on
the orientation and the type of molecular orbitals can be ob-
tained [9, 10].

Fig. 3. Geometry of the ARPES spectra. Someπ- andσ orbitals of a flat-
lying C ring are given as an example;s and p denote the light polarization
(see text)

1.5 Optical transmission spectra

Transmission spectra in the spectral region between 200
and 1200 nm are recorded from technical samples using
a UV/VIS spectrometer. The sample thickness is about
350 nmas calculated from the optical properties under dif-
ferent angles of incidence. Different modifications of Pc can
be distinguished by their typical transmission or absorption
features [1, 7, 11]. Also, the energy of the optical gap can

be estimated by this spectroscopy. However, an absorption
across the optical gap does not directly produce free charge
carriers, since this excitation creates singlet excitons in the
first step [12]. Changes in the optical spectra upon doping
with C60 help to identify a possible ground-state electron
transfer.

1.6 I/U curves

The dark current and the photocurrent of sandwiches with
glass/ITO/organic photoconductor/Au are investigated ap-
plying voltages between−0.1 V and 0.1 V by a Knick
constant-voltage supply. The current is detected using a Keith-
ley electrometer. The photocurrent is measured under illu-
mination of the whole sample with monochromatic light at
610 nmfrom the glass/ITO side. The light intensity is about
16µW at the sample surface. By this method a possible im-
provement of the photoconductivity properties of Pcs due to
the influence ofC60 can be directly tested.

2 Results and discussion

2.1 Growth modes

Phthalocyanines form molecular crystals upon evaporation.
Different modifications are known that vary with respect to
the distance between the stacked molecules and the angle be-
tween the molecular axis and the stacking direction. These
modifications have typical absorption spectra and can be dis-
tinguished by using diffraction methods. Their performance
as photoreceptor materials may be different [1, 7]. With our
ARPES spectra we are able to shed some light on the way in
which Pcs grow on a surface. Figure 4 shows ARPES spectra
of Fe−PconCu(100) for two different polarization directions
(filled and open symbols) of the incoming synchrotron radi-
ation. The photon energy ishν = 100 eV. The geometry is
described in Fig. 3 (see also Sect. 1.4). The spectra are com-
pared to an UPS spectrum taken with aHe lamp (solid line,
hν = 21.2 eV, substrate:Ta). The energy scale is referenced
to the peak at the lowest binding energy, and the peaks are
denoted A to E with increasing binding energy. Forπ lev-
els the cross section decreases more strongly with increasing
photon energy than forσ levels. An average between the two
polarization-dependent spectra results in peak B being the
strongest feature athν = 100 eV. At the lower photon energy
of 21.2 eVpeak B is smaller compared to the other peaks sug-
gesting that B isσ derived whereas the other strong peaks
haveπ character. Although the character of peak A is not
completely clear from our data it has been described asπ de-
rived by other authors [6, 9, 10, 13–15].

A clear difference in the relative intensities of the subse-
quent peaks fors- and p-polarized light is observed: peaks
B and C are dominant fors-polarized light whereas the other
peaks are strongest withp-polarization. Using the rather sim-
ple picture of theσ- andπ bonds of a benzene molecule (see
Fig. 3) as a model for the more complicated carbon rings in
Fe−Pc (see inset in Fig. 4) we come to the following con-
clusion. Since the signal is strongest when the polarization
vector points in the same direction as the maximum orbital
amplitude we can conclude that the molecules lie rather flat
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Fig. 4. Photoelectron spectra ofFe−Pc at different photon energies. The
solid line is a UPS spectrum measured with aHe lamp. Filled and open
symbols denote the light polarization (p and s, respectively) of the ARPES
spectra athν = 100 eV. The binding energy scale is referenced to peak A.
The inset shows a model ofFe−Pc

on the surface and peaks B and C containσ symmetry, the
other peaks are mainlyπ derived. If in contrast we would
assume that the molecules “stand up” with arbitrary orienta-
tions relative to the incoming light the spectra would result
in a dominance of theσ derived structures for p-polarization
and roughly equal intensities forσ- and π features with p-
polarized light. This is in contradiction to the above discussed
variations caused by different cross sections at different pho-
ton energies. Although other orientations have been experi-
mentally found for other combinations of Pcs and substrates,
flat lying molecules seem to be quite common for monolayer
coverages (see [9, 10] and references therein).Cu−Pc has
been found to grow flat monolayers onSi(111) but randomly
oriented monolayers onSi(001), which has been attributed
to a weaker interaction between the adsorbate molecule and
theSi(001) substrate [16]. The monolayer orientation has not
been found to influence the tilt angle of the molecules within
the molecular crystals for higher coverages [16]. Accordingly
we found no influence of the underlying metal substrate on
the spectral features of higher coverages of differentM−Pcs.

2.2 Band alignment

Figure 5 displays a series of UPS spectra ofFe−Pc with in-
creasing coverages ofC60 (top to bottom). Since UPS has
a very low information depth we focus here on the contact re-
gion between the Pc and the fullerene. With increasing bind-
ing energy (referenced to the Fermi energy) we denote the
Fe−Pc peaks as A to E (in agreement with Fig. 4), the ful-
lerene levels are numbered 1 to 4.4 ML of C60 (bottommost
spectrum) almost perfectly cover the structures of the under-
lying Fe−Pc and show some typical features ofC60 [17].
A small remnant of peak A is still visible, but most of this
feature is now attributed to a satellite of theHe−I radiation
with hν = 23.08 eV that causes a duplication of peak 1 at
this binding energy. At lower coverages ofC60 (0.5, 1, and
2 ML) the spectra can be interpreted as a simple superposi-
tion of features from both materials; no additional peaks can

Fig. 5. Series of UPS spectra ofFe−Pcwith increasing amount ofC60. The
coverage is given in monolayers ofC60. Characters and numbers denote
the features ofFe−Pc and C60, respectively. The binding energy scale is
referenced to the Fermi energy

be detected. This is even more clear when we try to pro-
duce a simulated spectrum from a superposition of a pure
Fe−Pcand a pureC60 spectrum and compare this to the meas-
ured spectrum of0.5-ML C60 on Fe−Pc. Figure 6 proves
that a mixture of70% Fe−Pc features and30% C60 fea-
tures almost perfectly reproduces the measured spectrum. No
additional peaks and no broadening of theC60-derived fea-
tures close toEF point towards a possible chemical reaction
of both components. Therefore our conclusion is that no hy-
bridization of the electronic states and thus no ground-state

Fig. 6. Comparison of the measured UPS-spectrum of0.5-ML C60 on
Fe−Pc from Fig. 5 (solid line) with a constructed spectrum (broken line)
composed from70% of a pureFe−Pc and 30% of a pureC60 spectrum.
The binding energy scale is referenced to the Fermi energy
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Fig. 7. UPS spectra ofNi−Pc and1 ML of C60 on Ni−Pc. Characters and
numbers denote the features ofNi−Pc and C60, respectively. The binding
energy scale is referenced to the Fermi energy

electron transfer takes place betweenFe−Pc and C60. This
means that no enhancement of the dark current ofFe−Pc
is expected when the material is mixed withC60. The same
result is obtained for similar simulations using the UPS spec-
tra fromCu−Pc, Ni−Pc, VO−Pc, TiO−Pc, andH2−Pc(not
shown). All Pcs measured so far build stable interfaces with
C60 in contrast to the observations concerning the polymer
poly(3-octylthiophene), P3OT, withC60 [18]. The signal in-
tensity of theC60-derived features has been found to decrease
within minutes for a room-temperature sample ofC60 on
P3OT. Cooling of the sample significantly reduces the spec-
tral changes. A comparison of the more surface-sensitive UPS
data to the more bulk-sensitive XPS data shows that theC60
diffuses into the polymer matrix [18]. We attribute this to
the rather loosely bound polymer chains in P3OT. Molecu-
lar crystals of Pc on the other hand show no such behavior
with C60 thereby proving a more closed structure which al-
lows a stable interface between both components.

One difference although can be found forM−Pcs with
differing M combined withC60. Using, for example, M=Ni,
Cu, TiO, or the metal-freeH2−Pc all Pc-derived features in
the UPS spectrum shift on the binding energy scale towards
the Fermi energy upon contact withC60. This shift corres-
ponds to0.23±0.15 eV for Ni−Pc (see Fig. 7) and0.65±
0.15 eVfor Cu−Pc [18], which can be seen most clearly for
peak A in Fig. 7. Similar shifts can be observed in the Pc-
derived features of the core levels of the corresponding mate-
rials upon contact withC60 measured by XPS spectra, inde-
pendent of whether the core levels areC-1s, N-1s, or belong
to the metal. An example is given in Fig. 8 where theC-1s
core levels ofCu−Pc shift by 0.66±0.15 eV upon evapora-
tion of 3-ML C60. We attribute these shifts to a change of the
surface-band bending of the Pc-derived features when the sur-

Fig. 8. XPS spectra of theC-1s peaks ofCu−Pc and increasing amounts of
C60 on Cu−Pc. The binding energy scale is referenced to the Fermi energy.
TheCu−Pcderived peaks (A, B, C) shift by0.66 eVtowards lower binding
energies upon contact withC60. Peak 1 is theC-1s peak ofC60

face is covered byC60. Such a band-bending zone typically
extends up to several hundreds of Å from the surface into the
bulk [19]. Due to the low information depth of XPS and UPS
only the shifted region close to the surface is analyzed. No in-
formation on the energy position of the levels deep inside the
material can be obtained. This interpretation of a band bend-
ing is further supported by the fact that for different samples
of Ni− and Cu−Pc also smaller values of the shift ener-
gies have been observed; the “final” positions of the peaks in
contact with the fullerene on the other hand are always repro-
ducible. Therefore we think that the differences in the “start-
ing conditions” are due to different surface contaminations
of the individual Pc surface, which influence the size of the
surface band bending. The amount of these contaminations is
too low to be confirmed by UPS or XPS. A contact withC60
on the other hand represents a well-defined situation where
the bending conditions always are the same. A summary of
the band-bending-induced shifts for the various Pcs is given
in Table 1. This observation of a change of the surface-band
bending concerning severalM−Pcs upon contact withC60
demonstrates that it is not sufficient to measure the spectral
features of the single components separately. Only a measure-
ment of the two components in contact with each other gives
the true values for the energy difference between the valence-
band onset ofC60 and the differentM−Pcs.

2.3 Energetics of charge transfer

In order to know whether a charge transfer from an excited
state of a specific type of Pc toC60 is possible, we need to
determine the relative energy positions of the band offset be-
tween the corresponding Pc and the LUMO ofC60. From the
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Material Maximum value Energy separation Minimum energy to
of band-bending shift between VB onset of Pc transfer an electron from

and HOMO ofC60 VB of Pc into LUMO of C60
/eV /eV /eV

TiO−Pc 0.1 1.1 1.2
α, β-H2−Pc 0.25 1.1 1.2
τ-H2−Pc 0.25 1.3 1.0
VO−Pc 0 1.2 1.1
Ni−Pc 0.23 1.15 1.15
Fe−Pc 0 1.4 0.9
Cu−Pc 0.65 1.5 0.8

Table 1. Change of surface-band bending of
different Pcs induced byC60 obtained from the
UPS and XPS data (left column). Energy sepa-
ration between the top of the valence band (VB
onset) of different Pcs and the HOMO (middle
column) and LUMO (right column) ofC60 as
deduced from Fig. 10

UPS spectra the energy separation between the VB of the Pc
and the HOMO ofC60 can be obtained. We therefore shift
the spectra of pure Pcs by the value of the band-bending shift
towards the Fermi energy; this is the position which the Pc
levels have when the Pc is in contact withC60. Also the ad-
ditional intensity from the contribution of theHe-1β radiation
at hν = 23.08 eV (2.5%) to the UPS spectra of the pure Pc
and the pureC60 has to be subtracted. Figure 9a displays the
resulting spectra for pureNi−PcandC60 as an example. An
extrapolation of the peak flanks towards the background in-
tensity gives the value for the valence-band onset ofNi−Pc
and the top of the HOMO ofC60. Using the published value
of 2.3 eV for the band gap ofC60 [20] a schematic of the
bands which are relevant for a charge transfer is obtained (see
Fig. 9b). From this schematic it can be deduced that an elec-
tron needs an energy of1.15 eV in order to be transferred
from the top of the valence band ofNi−Pc to the LUMO of
C60. If this process involves an excited state of the Pc, like an
exciton, this excited state has to supply the necessary energy
(compare Fig. 2). The optical absorption ofNi−Pc has its
lowest-energy maximum at a photon energy of about1.8 eV

Fig. 10. (left) Intensity-normalized UPS
spectra of different Pcs (solid line) and
thin layers of C60 (broken line) on the
corresponding Pc. The energy scale is
referenced to the Fermi energy. (right)
Relative energy of the VB onset of the
Pcs in comparison to the position of the
HOMO of C60 in the mixed material de-
rived from the spectra in the left panel
(see text). The energy scale is referenced
to the top of the HOMO ofC60

reaching half of its intensity around1.7 eV [21–23]. There-
fore from energy considerations a transfer of the electron into
the LUMO ofC60 should be possible.

Fig. 9. a Relative energy positions of UPS features ofNi−Pc and C60 in
the mixed material.b Energy scheme ofNi−Pc and C60 in the region of
the optical gap
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Equivalent band schemes can be extracted from the UPS
spectra of the other Pcs in contact withC60. The left panel of
Fig. 10 shows the spectra of the different Pcs in comparison
to the same materials with thin overlayers ofC60 (as meas-
ured). In the right panel the normalized contributions from
both components (Pc andC60) to the overlayer spectra are dis-
played on a common energy axis where0 eV corresponds to
the top of the HOMO ofC60. From these spectra the energy
separation of the individual Pc valence-band onset to the top
of the HOMO ofC60 can be obtained (Fig. 10 right panel).
The difference between the gap size ofC60 (2.3 eV) and this
energy separation yields the energy which is needed to trans-
fer an electron from the VB of the Pc to the LUMO ofC60.
The results are displayed in Table 1. This energy value has to
be compared to the amount of energy that has been deposited
in the photoreceptor system by the optical excitation.

The maxima of the typical optical absorption energies
of the different Pcs range between1.5 eV (for VO−Pc) and
1.8 eV (for Ni−Pc) [1, 7, 11, 21–24]. Such an optical exci-
tation creates a singlet exciton on the excited Pc molecule.
This is a bound state and does not correspond to free charge
carriers. For example, in the case of metal-freeH2−Pc the
corresponding singlet excitation energy is1.65 eV, but the
energy of the band gap is2.08 eV [25]. The excited sys-
tem may lose some of its energy by different mechanisms
including internal conversion into lower-lying singlet states,
creation of a charge-transfer exciton involving a neighbor
molecule, or by intersystem crossing into a triplet excitonic
state. For higher light intensities even nonlinear processes
may occur such as annihilation between two excitons of
the same kind [26]. All of theses processes have different
timescales for the differentM−Pcs that even depend on the
spin–orbit interaction of the central element [27]. Usually the
singlet decays much faster than the triplet. We nevertheless
consider both levels here as possible precursors for an elec-
tron transfer into the LUMO ofC60. As a rough estimate the
energy difference between the first excited triplet level and
the ground state is about two-thirds of the first singlet exci-
tation energy [28]. Since most of the Pcs are rather similar
we take the value of1.1 eV for the lowest-energy triplet ex-
citonic level ofZn−Pc [29] as a measure for typical triplet
excitons of Pcs. Therefore on one hand, an electron trans-
fer from a triplet excitonic state ofCu−Pc, Fe−Pc, VO−Pc,
andτ-H2−Pcinto the LUMO ofC60 is possible, since0.8 eV,
0.9 eV, 1.0 eV, and1.1 eV are needed, respectively, and the
excitonic state is able to supply1.1 eV. ForNi−Pc, TiO−Pc,
and α, β-H2−Pc on the other hand, it is unlikely that such
a process will occur. It is quite interesting that the two mod-
ifications ofH2−Pcbehave differently in this context.

2.4 Unoccupied states and charge transfer

The XANES spectra give some additional insight into the
situation of the unoccupied orbitals. As an example we pick
the XANES spectra ofFe−Pc andNi−Pc with C60. The in-
set in Fig. 11a displays the spectrum of pureFe−Pc(solid line
in inset) and the spectrum of0.5-ML C60 on Fe−Pc(broken
line in inset) in the photon energy region where an excita-
tion from the C-1s core level into the unoccupied density
of states takes place. The spectra of the pureFe−Pc corres-
pond well to previously published data. The lowest energy

peak and shoulder belong to a 1s→ π∗ resonance [30]. If
we take a weighted difference between both spectra we al-
most perfectly reproduce a pureC60 XANES spectrum (bro-
ken line in main frame of Fig. 11a). The high symmetry of
C60 results in a rather sharp 1s→ π∗ resonance peak around
hν = 284.3 eV, which is typical forC60. Theseπ orbitals are
quite sensitive to any chemical reaction and therefore provide
a good test. No additional features and no peak broadening
can be detected demonstrating that the unoccupied levels do
not participate in any possible chemical reaction, which is
consistent with the absence of a ground-state charge transfer
between the different components of the sample. Similar re-
sults are obtained forNi−Pc(see Fig. 11b),Cu−Pc, TiO−Pc,
andVO−Pc with C60 (not shown). XANES spectra at pho-
ton energies whereN-1s or the corresponding metal electrons
are excited do not show any change at all upon contact of the
Pc with C60 (besides a trivial reduction of the intensity due
to theC60 overlayer). Even no energy shift can be detected.
This indirectly confirms the above interpretation of the shifts
in the XPS and UPS spectra ofCu−Pc, Ni−Pc, TiO−Pc, and
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Fig. 11. aInset: XANES spectra at theC-1s edge ofFe−Pc(solid line) and
0.5 ML of C60 on Fe−Pc (broken line). Main frame: measured spectrum of
pure C60 (solid line), constructed spectrum (broken line) from a weighted
difference of the spectra in the inset.b Inset: XANES spectra at theC-1s
edge ofNi−Pc (solid line) and1 ML of C60 on Ni−Pc (broken line). Main
frame: measured spectrum of pureC60 (solid line), constructed spectrum
(broken line) from a weighted difference of the spectra in the inset
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τ-H2−Pc to be due to surface-band bending; since all levels
are shifted, a measurement of the energy separations (as done
by XANES) is expected to reveal no change. Unfortunately
the relative positions of the unoccupied levels of the Pc and
C60 cannot be deduced from the XANES spectra because the
amount of excitonic energy between the core-level hole and
the excited electron is unknown and may be different for each
compound.

XANES is an ideal tool to study technical samples, for
exampleτ-H2−Pc, with binder material andC60. These sam-
ples cannot be analyzed using UPS because of the higher
surface sensitivity of UPS. A part of the problem is caused
by surface contaminations due to the preparation outside of
a vacuum chamber, also theC60 is diluted deep inside the
sample. A method that is restricted to the very few surface
layers, such as UPS, does not give much information on it.
The main panel of Fig. 12 displays the XANES results from
a technical sample composite (solid line) based onτ-H2−Pc
and binder with an admixture of5% C60. The spectrum can
almost be perfectly reproduced by a superposition (broken
line) of the spectra of the single components (see inset). This
is especially remarkable since the pureH2−Pcspectrum cor-
responds toα, β-H2−Pc. This clearly demonstrates that the
three components of the sample do not undergo any chemical
reaction or ground-state charge transfer. Therefore we do not
expect an enhanced dark conductivity ofH2−Pcwith binder
upon an admixture ofC60.

A chemical reaction betweenC60 and H2−Pc will also
change the features of the optical absorption spectrum. Fig-
ure 13 shows a comparison of the optical spectra of technical
samples ofτ-H2−Pc and binder without and withC60, (thin
solid line and broken line, respectively). There is only a mi-
nor difference in the transmission features caused by theC60
which coincides with the main features of pureC60 in the op-
tical density [31]. No additional features are detected, which
is quite in accordance with the results from the XANES spec-
tra (see above) that no ground-state charge transfer is found.
The optical transmission data of the sublimedα, β-H2−Pc
phase, on the other hand, differ significantly from the features

Fig. 12. Inset: XANES spectra at theC-1s edge of pureC60 (solid line),
pure binder (dashed line) and pureα, β-H2−Pc (broken line). Main frame:
measured spectrum (solid line) of a mixed technical sample containing
τ-H2−Pc, binder andC60, constructed spectrum (broken line) from a super-
position of the spectra in the inset

Fig. 13. Optical spectra of technical sample composites ofτ-H2−Pc and
binder with (broken line) and withoutC60 (thin solid line) and a sublimed
model sample ofα, β-H2−Pc (thick solid line) measured in transmission
technique (right scale) for wavelengths between 200 and1200 nm. The
dashed line gives a spectrum of the optical density of pureC60 for com-
parison (left scale) measured by UV/Vis [31]

of theτ phase [7]. The optical gaps (half intensity of the max-
imum) correspond to about1.6 eVand1.5 eV, respectively.

2.5 Improvement of the photoconductivity

The improvement of a technical sample ofτ-H2−Pc with
binder byC60 can be directly seen from the dark- and pho-
tocurrent measurements in Fig. 14. Panela shows the photo-
conductivity of a technical sample ofτ-H2−Pc in compari-
son with a sample containing an admixture of5% C60. Both
curves have been scaled in a way that the data points fit into
the same window. A comparison of the left scale (photocur-
rent ofτ-H2−Pc) and the right scale (photocurrent of doped
material) demonstrates that the doping enhances the photo-
conductivity by a factor of 20. Whereas the photocurrent of
the pure material is about4×10−10 A at 0.1 V it reaches
8×10−9 A for the doped sample. Panelb shows the results
for the dark current of both samples. The ratio between the
scale parameters of panela and panelb thereby correlates
to the contrast of the corresponding material. The contrast of
about 100 for theτ-H2−Pcimproves to about 200 for the case
of 5% C60 in τ-H2−Pc. Therefore we can conclude that the
doping enhances the photoconductivity and the contrast.

3 Conclusions

The influence of the buckminsterfullereneC60 on the elec-
tronic properties of different phthalocyanines, especially
Cu−Pc, Fe−Pc, Ni−Pc, VO−Pc, TiO−Pc, and two different
modifications ofH2−Pc, has been analyzed by photoelec-
tron spectroscopy (ARPES, XPS, UPS), X-ray absorption
fine structure measurements (XANES), transmission spec-
troscopy, and current/voltage curves (dark and illuminated
by monochromatic visible light). Our results show that for
all the Pcs studied here a charge separation of the sing-
let excitonic state is energetically possible when the ma-
terial is doped withC60. It is therefore expected that the
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Fig. 14a,b. I/U curves of sandwiches of technical samples ofτ-H2−Pcand
binder with (open symbols, right scale) and withoutC60 (filled symbols,
left scale). The sample composition is: glass/ITO/τ-H2−Pccomposite/Au.
The sandwich is grounded at the ITO contact; the voltage is applied at the
Au-contact.a sample illuminated by radiation with a wavelength of610 nm
from the ITO side,b sample without illumination

luminescence will be quenched and the photocarrier gener-
ation will be improved. ForCu−Pc, Fe−Pc, VO−Pc, and
τ-H2−Pc even a charge separation of the triplet excitonic
state is energetically possible, which might be a second
path to improve the charge carrier generation. No improve-
ment via triplet excitonic states is expected forNi−Pc,
TiO−Pc, andα, β-H2−Pcwith C60. All the Pcs studied here
build stable interfaces withC60. No ground-state electron
transfer was found, leading to the conclusion that the dark
current is not expected to be greatly enhanced upon dop-
ing by C60. For technical sample composites ofτ-H2−Pc
with a polymeric binder that are already in use as pho-
toreceptor materials, transmission spectroscopy results gave
no indication for a ground-state electron transfer upon ad-
mixture of 5% C60. An enhancement of the photoconduc-
tivity and an improved contrast between photocurrent and
darkcurrent has directly been seen from theI/U curves

for sandwiches of these materials betweenAu and ITO
contacts when theH2−Pc-binder composite is mixed with
5% C60.
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