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Abstract. The electronic structure of phthalocyanine (Pc) ma-special purposes. Diode-laser printers benefit from the ab-
terials, especiallu—P¢ Fe—P¢ Ni—P¢ VO—Pc TiO—P¢  sorption bands of phthalocyanines (Pcs) in the near infrared.
and two modifications oH,—P¢ in contact withCgg is A higher sensitivity or an increased speed in creating and
studied using photoelectron spectroscopy with ultraviolet anttansporting charges, on the other hand, could be very useful
X-ray radiation (UPS and XPS, respectively), X-ray absorpin order to expand the range of possible applications.

tion near edge spectroscopy (XANES), and optical transmis- Figure la displays the working principle of a photorecep-
sion spectroscopy. A possible improvement of the chargeer device for xerography or laser printing. The process starts
carrier generation efficiency, which is essential for the perwith a charging of the surface by electrons. Positive image
formance as photoreceptor material, is thereby found focharges develop at the aluminium substrate. An illumination
these materials upon doping witlgo. No ground-state charge produces charge carriers via excited states in the charge-
transfer is detected for the Pcs in contact wilfy. The ef-  generation layer (CGL). The positive charges move through
fect of an enhanced photoconductivity is demonstrated fathe hole-transporting charge-transport layer (CTL) and com-
t1-H,—Pcwhen it is doped b%% Ceo. pensate the surface electronic charge creating thereby the
image which then will be treated with toner, transferred to
the paper and fused. Phthalocyanines, especiayPc or
metal-freeH,—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
Organic photoconductors are of increasing importance fobe enhanced by lowering the recombination rate of excited
applications as photoreceptors for xerography or laser prinstates. Since a recombination is most likely directly after the
ers [1,2]. They are less toxic than several inorganic comexcitation step, a fast charge separation should be able to
pounds which are also in use for these purposes. Also, thdecrease the recombination rate. In order to efficiently sepa-
properties of organic photoreceptors in terms of sensitivityate the charges a strong electron acceptor can be used (see
for a specific spectral range can be designed as needed feig. 1b). The buckminsterfullerer@; is an ideal candidate
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excited state 100-300A Pc with the purpose of avoiding charging prob-
lems during the photoemission experiments. By this subli-
\ separate e, h * mation procedure the most stable configuration of the Pc is
- produced, which in the case éf,—Pcis thea or p phase
[1,6]. In order to produce a sample of puréd,—P¢ mate-
rial containing crystallites of this phase [7] needs to be drop
cast from solution onto the substratgsg is UHV-sublimed
hv \ from Ta boats in the coverage range of 0.5 up to about 6

recombination
(fluorescence,...)

TOTAL ENERGY

monolayers (ML) for a study of the contact region between
the fullerene and the Pd ML of Cgy corresponds t@A
ground state evaporated material with a density 65 g/cm?® [8]. The
Fig. 2. Total energy scheme of photoexcited and charge-separated state (s%gb“matlon technique is _espemally useful for the UPS and
text) ARPES measurements since these methods are surface sen-
sitive and the samples are kept under vacuum between the
preparation and the analysis.
for this purpose since it is able to gather at least six elec- “Technical” samples were obtained from dispersions of
trons as in alkali€sp compounds [3—5]. Therefore the idea the corresponding Pc and a resin binder, polyvinylbutyral
is to mix it into conventional organic photoreceptors in order(PVB) in toluene (AEG-Elektrofotografie). These samples
to increase their charge-generation efficiency. An unwantedre denoted as “technical” samples, because similar disper-
enlargement of the dark conductivity is unlikely due to thesions are used in the production process for CGL layers. The
rather high inertness &g, towards chemical reactions. H,—Pcthat is used for this purpose has theonfiguration
However, a necessary condition for a successful chargé, 7]. A part of the material is mixed with abo%€o (by
transfer is that the charge-separated state is energeticaillyeight)Cgo before the sample is either drop cast or dip coated
preferred compared to the non-separated excited state (siem the dispersion onto a metal or glass substrate. The sam-
Fig. 2). Therefore we study the electronic structure close t@les for the optical transmission measurements, for the
the optical gap of different Pcs in contact wifly in orderto  measurements, and for some of the XANES measurements
determine the transition energy needed for an electron that igere prepared by this technique. A typical sample thickness
transferred from the valence band (VB) of the Pc towards thér 1/U measurements i850 nm These samples are sand-
lowest unoccupied molecular orbital (LUMO) 6. Photo-  wiches on a glass substrate with an indium—tin oxide (ITO)
electron spectroscopy with ultraviolet radiation (UPS) is useaontact at one side and an evaporatedcontact at the sur-
for the occupied states and information about the unoccuface. The contact area is ab@.& cn?. In order to avoid sys-
pied states is obtained using X-ray absorption fine structureematic changes due to variations in #he contacts, samples
spectroscopy (XANES). Both methods are sensitive to poswith and withoutCgso were treated as pairs when evaporating
sible chemical reactions of the components and therefore atke Au contact.
used to estimate whether the dark conductivity may be en-
hanced in the compound compared to the pure Pc as a res IE UPS. XPS
of a possible ground-state electron transfer. The optical proplf-' '
erties of the materials are checked by transmission spec
(200-1200 nn). A direct test of the effect o€Cqso as a dop-

ing material in Pcs is done by measurements of the phot foscopy using aHe-resonance light source21.2 ev) for

and dark current as a function of an applied voltagéJ( . ; -
L . . : valence-band spectroscopy with ultraviolet radiation (UPS)
curves). Additional information about the geometrical order using monochromatizedl—K, radiation (4866 V) for

. . . . r
and the orbital character of sublimed Pc layers is obtaine :
by angle-resolved photoelectron spectroscopy with polariz_eggrnes' Ig\r/gl ;zzgt&?esgoups){ nvgltg r)f e:ﬁé}%ﬁ CS le. ;—r? ;ygre]?t\?vﬁlﬁ (ia_n
light (ARPES). In the following we will discuss these experi- angular acceptance @f8° in normal-emission geometry. All

mental results for various examples of Pcs. photoelectrons come from within an area of abduatm by
4 mm The overall energy resolution is ab@ut5 eVfor UPS
and0.5 eV for XPS. The energy scale is referenced towards

tﬂ‘ter the preparation the samples are kept at room tem-
erature under UHV and analyzed by photoelectron spec-

1 Experimental the Fermi level Er) of a bulk Au sample. XPS gives mainly
information on the elemental composition of the samples;
1.1 Sample preparation by UPS the valence levels that are directly involved in the

chemical bonds are analyzed. The valence-band onset also is

Pcs were purchased from STREM-chemic@lg is used in measured by UPS.

a purity 0f99.9%. “Model” samples are produced by subli-

mation from resistively heatefla boats in ultrahigh vacuum 1.3 XANES

(UHV) onto metal substrates or ITO-covered glass sheets.

For the ARPES measurements a sputter-cleaned and vacuuKway absorption near edge spectra (XANES) are taken using
annealedCu(100) single crystal is used as a substrate. Coversynchrotron radiation from the HE-PGM 3 monochromator at
ages are controlled with a quartz microbalance. After a thorthe electron storage ring for synchrotron radiation (BESSY)
ough outgassing of thEa boats in order to reduce the amountin Berlin. With this technique a core-level electron is ex-
of solvents in the substances we deposit a rather thin layer ofted into the unoccupied states at the same atom where the
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core level is located. The excitation cross section depends die estimated by this spectroscopy. However, an absorption
the density of unoccupied states. Measuring the secondaagcross the optical gap does not directly produce free charge
electron yield, which is proportional to the excitation crosscarriers, since this excitation creates singlet excitons in the
section, as a function of the photon energy therefore gives thigst step [12]. Changes in the optical spectra upon doping
unoccupied density of states. The electrons are counted withith Cgp help to identify a possible ground-state electron
a yield detector either collecting the total yield or the partialtransfer.
yield of electrons with kinetic energies abd@e€V. By using
the partial yield the information depth is limited, because the
very low kinetic energy electrons with a higher propagationl.6 /U curves
length through the material, which dominate the total yield,
do not contribute to the signal. The energy resolution dependehe dark current and the photocurrent of sandwiches with
on the photon energy and corresponds to alBdieV at the  glasgITO/organic photoconductpAu are investigated ap-
C-1s absorption edge. The analyzed area is aloutr? and ~ plying voltages between-0.1V and 0.1V by a Knick
is determined by the synchrotron beam diameter on the sargonstant-voltage supply. The currentis detected using a Keith-
ple. The spectra are taken either with normal light incidencéey electrometer. The photocurrent is measured under illu-
or with an angle of abowt5° between the light incidence and mination of the whole sample with monochromatic light at
the sample surface. 610 nmfrom the glasglTO side. The light intensity is about
16 W at the sample surface. By this method a possible im-
provement of the photoconductivity properties of Pcs due to
1.4 ARPES the influence ofCgo can be directly tested.

Angle-resolved photoelectron spectra (ARPES) are measured

at the undulator beamline U2 at BESSY. The spectra are taken Results and discussion
with grazing-light incidence?® relative to the sample nor-

mal) and normal electron emission. The light polarization i 1 Growth modes
chosen either with the polarization vector in the plane that

contains the surface normal and the light incidence direcphthalocyanines form molecular crystals upon evaporation.
tion (p-polarized, see Fig. 3) or with the polarization vectorpifferent modifications are known that vary with respect to
perpendicular to this but in the surface plane (s-polarizedine distance between the stacked molecules and the angle be-
The photoelectrons are analyzed with a hemispherical angyeen the molecular axis and the stacking direction. These
lyzer with an angle resolution of5° in normal emission modifications have typical absorption spectra and can be dis-
mode. The energy resolution is better tiiaheV. By the po-  tinguished by using diffraction methods. Their performance
larization dependence of the ARPES spectra information ogg photoreceptor materials may be different [1, 7]. With our
the orientation and the type of molecular orbitals can be obaARpgs spectra we are able to shed some light on the way in

tained [9, 10]. which Pcs grow on a surface. Figure 4 shows ARPES spectra
of Fe—Pcon Cu(100) for two different polarization directions
Ve ~N (filled and open symbols) of the incoming synchrotron radi-

ation. The photon energy isv = 100 €V. The geometry is
described in Fig. 3 (see also Sect. 1.4). The spectra are com-
. , pared to an UPS spectrum taken witkda lamp (solid line,

g '”J.’SQ,";HS;’Q‘ '?;ij};t{‘;{, hv = 21.2 eV, substrateTa). 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. Fotlev-

<™ :o-bond; dominant for  els the cross section decreases more strongly with increasing
g-polarized radiation  photon energy than far levels. An average between the two
polarization-dependent spectra results in peak B being the
strongest feature &y = 100 eV, At the lower photon energy
~ — of 21.2 eV peak B is smaller compared to the other peaks sug-
Fig. 3. Geometry of the ARPES spectra. Someando orbitals of a flat-  gesting that B iss derived whereas the other strong peaks
lying C ring are given as an exampls;and p denote the light polarization  Kave v character. Although the character of peak A is not
(see text) completely clear from our data it has been described ds-
rived by other authors [6, 9, 10,13-15].
A clear difference in the relative intensities of the subse-
1.5 Optical transmission spectra quent peaks fos- and p-polarized light is observed: peaks
B and C are dominant fapolarized light whereas the other
Transmission spectra in the spectral region between 208eaks are strongest witktpolarization. Using the rather sim-
and 1200nm are recorded from technical samples usingple picture of thes- andw bonds of a benzene molecule (see
a UV/VIS spectrometer. The sample thickness is abouFig. 3) as a model for the more complicated carbon rings in
350 nmas calculated from the optical properties under dif-Fe—Pc (see inset in Fig. 4) we come to the following con-
ferent angles of incidence. Different modifications of Pc carclusion. Since the signal is strongest when the polarization
be distinguished by their typical transmission or absorptiorvector points in the same direction as the maximum orbital
features [1,7,11]. Also, the energy of the optical gap caramplitude we can conclude that the molecules lie rather flat
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Fig. 4. Photoelectron spectra ¢fe—Pc at different photon energies. The
solid line is a UPS spectrum measured witiHa lamp. Filled and open
symbols denote the light polarization (p and s, respectively) of the ARPES
spectra ahv =100 €V. The binding energy scale is referenced to peak A.
The inset shows a model &f—Pc

on the surface and peaks B and C contaisymmetry, the -8 -6 -4 -2 E
other peaks are mainly derived. If in contrast we would BINDING ENERGY (eV)
assume that the molecules “stand up” with arbitrary orientaFig. 5. Series of UPS spectra &e—Pcwith increasing amount o€go. The
tions relative to the incoming light the spectra would resultcoverage is given in monolayers Gko. Characters and numbers denote
in a dominance of the derived structures for p-polarization trg?ergﬁtcuerjstoot';‘;fecr;?ifgﬁ" respectively. The binding energy scale is

: " . ay
and roughly equal intensities fer and = features with p-
polarized light. This is in contradiction to the above discussed
variations caused by different cross sections at different phdse detected. This is even more clear when we try to pro-
ton energies. Although other orientations have been experituce a simulated spectrum from a superposition of a pure
mentally found for other combinations of Pcs and substratege—Pcand a puré&sp spectrum and compare this to the meas-
flat lying molecules seem to be quite common for monolayeured spectrum 0f).5-ML Cgy on Fe—Pc Figure 6 proves
coverages (see [9,10] and references ther&n}-Pc has that a mixture of70% Fe—Pc features and30% Cg fea-
been found to grow flat monolayers &i(111) but randomly tures almost perfectly reproduces the measured spectrum. No
oriented monolayers 08i(001), which has been attributed additional peaks and no broadening of tBg-derived fea-
to a weaker interaction between the adsorbate molecule arndres close tdEg point towards a possible chemical reaction
the Si(001) substrate [16]. The monolayer orientation has nobf both components. Therefore our conclusion is that no hy-
been found to influence the tilt angle of the molecules withirbridization of the electronic states and thus no ground-state
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 diffekéniPcs.

C /Fe-Pc
60
hv=21.2eV

—0.5MLC /Fe-Pc
60

----- superposition: r
70% Fe-Pc+30%C

2.2 Band alignment

Figure 5 displays a series of UPS spectr&efPcwith in-
creasing coverages @g (top to bottom). Since UPS has
a very low information depth we focus here on the contact res-
gion between the Pc and the fullerene. With increasing bind%
ing energy (referenced to the Fermi energy) we denote thE |
Fe—Pcpeaks as A to E (in agreement with Fig. 4), the ful- =
lerene levels are numbered 1 toMdML of Cgo (bottommaost
spectrum) almost perfectly cover the structures of the under-
lying Fe—Pc and show some typical features G§p [17].
A small remnant of peak A is still visible, but most of this -8 -6 4 2 E
feature is now attributed to a satellite of tHe—| radiation BINDING ENERGY (V) F
with hv = 23.08 eV that causes a duplication of peak 1 at .

Fig. 6. Comparison of the measured UPS-spectrumO&ML Cgp On

this bmdmg energy. At lower coverages Géo (0'5’ 1, and Fe—Pc from Fig. 5 Golid line) with a constructed spectrunbroken ling

Z'ML) the spectra can be interpreted asa §i'mple SUPErpoOfsmposed fron70% of a pureFe—Pc and 30% of a pureCgo spectrum.
tion of features from both materials; no additional peaks carhe binding energy scale is referenced to the Fermi energy

(arb. units)
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IN




129

¢,/ Ni-Pc Ceof Cu-Pc A e o
hv = 21.2eV hv = 1486.6eV monolayer:
C-1s
of C
60
0) )
S = < 0.66eV
S =
. \"M
£ Ni-Pc g Cu-Pc
8 A s
- N\ "
() [2)
(4 i
= E
Z 3 z 3
1ML C
60
I Ni-Pg
2 1\ 1 N 15
> 540.23ev i . : . .
-8 -6 4 -2 E -290 -288 -286 -284 -282
BINDING ENERGY (eV) " BINDING ENERGY (eV)

Fig. 8. XPS spectra of th€-1s peaks ofCu—Pcand increasing amounts of
Cso on Cu—Pc The binding energy scale is referenced to the Fermi energy.
The Cu—Pcderived peaks (A, B, C) shift b§.66 eVtowards lower binding
energies upon contact willgp. Peak 1 is theC-1s peak ofCgg

Fig. 7. UPS spectra oNi—Pc and 1 ML of Cgg on Ni—Pc Characters and
numbers denote the features if—Pc and Cgp, respectively. The binding
energy scale is referenced to the Fermi energy

electron transfer takes place betwdes-Pc and Cgo. This  face is covered b¥sp. Such a band-bending zone typically
means that no enhancement of the dark currerffe@fPc  extends up to several hundreds of A from the surface into the
is expected when the material is mixed witlg. The same bulk [19]. Due to the low information depth of XPS and UPS
result is obtained for similar simulations using the UPS specenly the shifted region close to the surface is analyzed. No in-
tra fromCu—P¢ Ni—P¢ VO—Pg¢ TiO—Pc¢ andH,—Pc(not  formation on the energy position of the levels deep inside the
shown). All Pcs measured so far build stable interfaces witimaterial can be obtained. This interpretation of a band bend-
Cso In contrast to the observations concerning the polymeing is further supported by the fact that for different samples
poly(3-octylthiophene), P30T, witlg [18]. The signal in- of Ni— and Cu—Pc also smaller values of the shift ener-
tensity of theCgo-derived features has been found to decreasgies have been observed; the “final” positions of the peaks in
within minutes for a room-temperature sample @ on  contact with the fullerene on the other hand are always repro-
P30T. Cooling of the sample significantly reduces the spedducible. Therefore we think that the differences in the “start-
tral changes. A comparison of the more surface-sensitive UPBg conditions” are due to different surface contaminations
data to the more bulk-sensitive XPS data shows thaCtge of the individual Pc surface, which influence the size of the
diffuses into the polymer matrix [18]. We attribute this to surface band bending. The amount of these contaminations is
the rather loosely bound polymer chains in P3OT. Molecutoo low to be confirmed by UPS or XPS. A contact witky

lar crystals of Pc on the other hand show no such behavian the other hand represents a well-defined situation where
with Cgp thereby proving a more closed structure which al-the bending conditions always are the same. A summary of

lows a stable interface between both components. the band-bending-induced shifts for the various Pcs is given
One difference although can be found fd—Pcs with  in Table 1. This observation of a change of the surface-band
differing M combined withCgo. Using, for example, M= Ni,  bending concerning sever®—Pcs upon contact withCgg

Cu, TiO, or the metal-freéd,—Pcall Pc-derived features in demonstrates that it is not sufficient to measure the spectral
the UPS spectrum shift on the binding energy scale toward®atures of the single components separately. Only a measure-
the Fermi energy upon contact witsg. This shift corres- ment of the two components in contact with each other gives
ponds t00.23+0.15 eV for Ni—Pc (see Fig. 7) and.65+  the true values for the energy difference between the valence-
0.15 eVfor Cu—Pc[18], which can be seen most clearly for band onset o€y and the differeni —Pcs.

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 witlCsp measured by XPS spectra, inde- 2.3 Energetics of charge transfer

pendent of whether the core levels &4ds, N-1s, or belong

to the metal. An example is given in Fig. 8 where tBels  In order to know whether a charge transfer from an excited
core levels ofCu—Pc shift by 0.66+0.15 eV upon evapora- state of a specific type of Pc @ is possible, we need to
tion of 3-ML Cgo. We attribute these shifts to a change of thedetermine the relative energy positions of the band offset be-
surface-band bending of the Pc-derived features when the suween the corresponding Pc and the LUMQOOg§. From the
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Table 1. Change of surface-band bending of

different Pcs induced b@so obtained from the Material Maximum value Energy separation Minimum energy to
UPS and XPS data (left column). Energy sepa- of band-bending shift between VB onset of Pc tran;fer an electron from
ration between the top of the valence band (VB and HOMO ofCqo VB of Pc into LUMO of Ceo
onset) of different Pcs and the HOMO (middle eV /eV /ev
column) and LUMO (right column) oCgo as
deduced from Fig. 10 TiO—Pc 0.1 11 1.2

a, B-Ha—Pc 0.25 1.1 1.2

t-Hy—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

UPS spectra the energy separation between the VB of the Peaching half of its intensity around7 eV [21-23]. There-
and the HOMO ofCgy can be obtained. We therefore shift fore from energy considerations a transfer of the electron into
the spectra of pure Pcs by the value of the band-bending shifihe LUMO of Cso should be possible.

towards the Fermi energy; this is the position which the Pc

levels have when the Pc is in contact witl. Also the ad-

ditional intensity from the contribution of thide-1g radiation r 3T
at hv = 23.08 eV (2.5%) to the UPS spectra of the pure Pc hv=21.22eV 2
and the pureCg has to be subtracted. Figure 9a displays the
resulting spectra for puldi—PcandCgp as an example. An
extrapolation of the peak flanks towards the background in
tensity gives the value for the valence-band onsetliefPc

and the top of the HOMO oEgp. Using the published value

of 2.3 eV for the band gap o [20] a schematic of the
bands which are relevant for a charge transfer is obtained (st
Fig. 9b). From this schematic it can be deduced that an ele
tron needs an energy df15e€Vin order to be transferred
from the top of the valence band bfi —Pcto the LUMO of <
Cso. If this process involves an excited state of the Pc, like al
exciton, this excited state has to supply the necessary energy o a Relative energy positions of UPS featuresNif-Pc and Ceo in
(compare Fig. 2). The optical absorption Mf—Pc has its  the mixed materialb Energy scheme oRi—Pc and Cgo in the region of
lowest-energy maximum at a photon energy of atfo8&eV  the optical gap

INTENSITY (arb. units) Ni-Pc Cs0

Cop: gap=23ev_
R TN NS SRS R RN T T P T I T

hv=21.2eV (as measured) i ! hv=21.2ev
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Fig. 10. (left) Intensity-normalized UPS

I

i

! . i
— Fe-Pc ! | ! spectra of different Pcss¢lid line) and
- - - Cgy/Fe-Pe : 146V Fe-Pc thin layers of Cgo (broken ling on the

corresponding Pc. The energy scale is

a —— Cu-Pc referenced to the Fermi energy. (right)
- Cgo/Cu-Pc Relative energy of the VB onset of the
| Pcs in comparison to the position of the
LIS B B A L ]I|JlI|I|llll}\|l|'llll|llll|llll HOMOOfCGOinthemiXedmaterialde-
8 6 4 =2 E 2 4 3 2 0 1 2 3 4 rived from the spectra in the left panel

(see text). The energy scale is referenced
BINDING ENERGY (eV) RELATIVE ENERGY (eV) to the top of the HOMO 0Es
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Equivalent band schemes can be extracted from the UPSak and shoulder belong to & & w* resonance [30]. If
spectra of the other Pcs in contact Wilky. The left panel of we take a weighted difference between both spectra we al-
Fig. 10 shows the spectra of the different Pcs in comparisomost perfectly reproduce a pu@, XANES spectrum (bro-
to the same materials with thin overlayers@j, (as meas- ken line in main frame of Fig. 11a). The high symmetry of
ured). In the right panel the normalized contributions fromCg results in a rather sharp 1> ©* resonance peak around
both components (Pc ai@p) to the overlayer spectra are dis- hv = 284.3 eV, which is typical forCg. Theser orbitals are
played on a common energy axis whéreV corresponds to quite sensitive to any chemical reaction and therefore provide
the top of the HOMO ofCq,. From these spectra the energya good test. No additional features and no peak broadening
separation of the individual Pc valence-band onset to the topan be detected demonstrating that the unoccupied levels do
of the HOMO of Cgp can be obtained (Fig. 10 right panel). not participate in any possible chemical reaction, which is
The difference between the gap sizeGah (2.3 eV) and this  consistent with the absence of a ground-state charge transfer
energy separation yields the energy which is needed to tranbetween the different components of the sample. Similar re-
fer an electron from the VB of the Pc to the LUMO Gy.  sults are obtained fa¥i—Pc(see Fig. 11b)Cu—P¢ TiO—P¢
The results are displayed in Table 1. This energy value has tand VO—Pc with Cgp (not shown). XANES spectra at pho-
be compared to the amount of energy that has been depositeh energies wherd-1s or the corresponding metal electrons
in the photoreceptor system by the optical excitation. are excited do not show any change at all upon contact of the

The maxima of the typical optical absorption energiesPc with Cgo (besides a trivial reduction of the intensity due
of the different Pcs range betweérb eV (for VO—Pg and  to the Cgo overlayer). Even no energy shift can be detected.
1.8eV (for Ni—Pg [1,7,11,21-24]. Such an optical exci- This indirectly confirms the above interpretation of the shifts
tation creates a singlet exciton on the excited Pc moleculén the XPS and UPS spectraGti—P¢g Ni—P¢ TiO—P¢ and
This is a bound state and does not correspond to free charge
carriers. For example, in the case of metal-fiée-Pc the
corresponding singlet excitation energy1i$5 eV, but the ! ! L L !
energy of the band gap i8.08 eV [25]. The excited sys-
tem may lose some of its energy by different mechanism
including internal conversion into lower-lying singlet states, .
creation of a charge-transfer exciton involving a neighbowfg
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 o<
the same kind [26]. All of theses processes have differer
timescales for the differe —Pcs that even depend on the @
spin—orbit interaction of the central element [27]. Usually thew
singlet decays much faster than the triplet. We neverthele:z
consider both levels here as possible precursors for an ele >
tron transfer into the LUMO 0€gp. As a rough estimate the 284 266 288

XANES: C-1s a)

—weighted difference
between spectra in inset

TEN

i —Fe-Pc
______ ~+0.5ML CGD/Fe—PC

.
INTENSITY (arb. units)

energy difference between the first excited triplet level anc : : : PrOTONENEROY W
the ground state is about two-thirds of the first singlet exci: 284 286 288 290 292
tation energy [28]. Since most of the Pcs are rather simila PHOTON ENERGY (eV)

we take the value of.1 eV for the lowest-energy triplet ex- . s . . .
citonic level ofZn—Pc[29] as a measure for typical triplet
excitons of Pcs. Therefore on one hand, an electron tran XANES: C-1s
fer from a triplet excitonic state &€u—P¢, Fe—Pc, VO—Pq
andt-H,—Pcinto the LUMO ofCgg is possible, sincé.8 eV,
0.9eV, 1.0eV, and1.1eV are needed, respectively, and the
excitonic state is able to supplyl eV. ForNi—Pc¢ TiO—Pq
anda, B-H,—Pc on the other hand, it is unlikely that such
a process will occur. It is quite interesting that the two mod-
ifications ofH,—Pchbehave differently in this context.

b)

—weighted difference
between spectra in inset

INTENSITY (arb. units)

—Ni-Pc
""" 1ML C_ /Ni-Pc
60

B
INTENSITY (arb. units)

2.4 Unoccupied states and charge transfer

284 286 288
The XANES spectra give some additional insight into the . : . PHOTONENFREY (1)
situation of the unoccupied orbitals. As an example we picl 284 286 288 290 292
the XANES spectra oFe—PcandNi—Pc with Cg. The in- PHOTON ENERGY (eV)

setin Fig. 11adisplays the spectrum of pege-Pc(solid line  Fig. 11. alnset: XANES spectra at the-1s edge oFe—Pc (solid ling) and

in inset) and the spectrum 6f5-ML Cgo on Fe—Pc(broken  0.5ML of Cso on Fe—Pc (broken ling. Main frame: measured spectrum of
line in inset) in the photon energy region where an excitabure Ceo (solid ling), constructed spectrunbipken ling from a weighted

. . : .. difference of the spectra in the insét.Inset: XANES spectra at th€-1s
tion from the C-1s core level into the unoccupied density ..o o —pc (solid ling) and1 ML of Co on Ni—Pc (broken lin. Main

of states takes place. The spectra of the pigePccorres-  frame: measured spectrum of pueo (solid line), constructed spectrum
pond well to previously published data. The lowest energybroken ling from a weighted difference of the spectra in the inset
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t-H,—Pcto be due to surface-band bending; since all levels PHOTON ENERGY (eV)
are shifted, a measurement of the energy separations (as done,, ff5 4 s 2 , 0
by XANES) is expected to reveal no change. Unfortunately ——t-H -Pc with C
the relative positions of the unoccupied levels of the Pc and. —H -Pe *
Cso cannot be deduced from the XANES spectra because thg 801 @ _— BfH Pe
amount of excitonic energy between the core-level hole an@ B §; e
the excited electron is unknown and may be different for eack® g ' i
compound. = b

XANES is an ideal tool to study technical samples, for% i
examplet-H,—Pg with binder material an@g. These sam- a 401§ ‘
ples cannot be analyzed using UPS because of the highgr Lon
surface sensitivity of UPS. A part of the problem is causeds 204 « %}
by surface contaminations due to the preparation outside &? .
a vacuum chamber, also thi& is diluted deep inside the 80 e 100
sample. A method that is restricted to the very few surface 5, 400 600 800 1000 1200
Iary]/ers, such asI UfPS, does(,j no} givehmuch informati:)nfon it. WAVELENGTH (nm)
The main panel of Fig. 12 displays the XANES results from_ ) ) .
a technical sample composite (ol ine) basettbh,—Pc  piev, OIS SPEcs of tchnical sample composiemofy_Poang
and binder with an admixture @b Cgo. The spectrum can model sample ofx, p-Hy—Pc (thick solid ling measured in transmission
almost be perfectly reproduced by a superposition (brokefechnique iight scal§ for wavelengths between 200 ari®00 nm The
line) of the spectra of the single components (see inset). Thiashed line gives a spectrum of the optical density of [y for com-
is especially remarkable since the ptte—Pcspectrum cor-  Parison [Bft scalg measured by UyVis [31]
responds tax, f-H,—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 nof thet phase [7]. The optical gaps (half intensity of the max-
expect an enhanced dark conductivityHi—Pcwith binder  imum) correspond to abo(t6 eV and1.5 eV, respectively.
upon an admixture dCs.

A chemical reaction betwee@Ggo and H,—Pcwill also 5 g Improvement of the photoconductivity
change the features of the optical absorption spectrum. Fig-
ure 13 shows a comparison of the optical spectra of technicgihe improvement of a technical sample ©H,—Pc with
samples oft-Ho—Pcand binder without and witeo, (thin  pinder byCgo can be directly seen from the dark- and pho-
solid line and broken line, respectively). There is only a mi-tgcurrent measurements in Fig. 14. Pamshows the photo-
nor difference in the transmission features caused bftse  conductivity of a technical sample afH,—Pcin compari-
which coincides with the main features of p@g in the op-  son with a sample containing an admixture5ét Cgo. Both
tical density [31]. No additional features are detected, whiclyyryes have been scaled in a way that the data points fit into
is quite in accordance with the results from the XANES specthe same window. A comparison of the left scale (photocur-
tra (see above) that no ground-state charge transfer is foungnt of t-H,—Pc) and the right scale (photocurrent of doped
The optical transmission data of the sublimed-H>—Pc  material) demonstrates that the doping enhances the photo-
phase, on the other hand, differ significantly from the featuregonductivity by a factor of 20. Whereas the photocurrent of
the pure material is aboutx 107*°A at 0.1V it reaches
8 x 10° A for the doped sample. Partelshows the results

s L40

T
(%) NOISSINSNVHL

F80

' ' ' ' ' ' for the dark current of both samples. The ratio between the
XANES: C-1s TH,-Pc + C  +BINDER|  gcale parameters of pangland paneb thereby correlates
< -superposition: to the contrast of the corresponding material. The contrast of
0 15% H_-Pc about 100 for the-H,—Pcimproves to about 200 for the case
E +3%C of 5% Ceo in t-Hy—Pc Therefore we can conclude that the
“ + 82% BINDER doping enhances the photoconductivity and the contrast.
s n
> |
= & 3 Conclusions
3 £
= g , The influence of the buckminsterfullere@gg, on the elec-
£ A tronic properties of different phthalocyanines, especially
Z| 6, TBNDER H,-Pe Cu—Pg Fe-Pc¢ Ni—P¢ VO—P¢ TiO—Pg and two different
285 290 295 modifications ofH,—Pc¢ has been analyzed by photoelec-
o T o T Tas PHOTO?ENERG;T\Q tron spectroscopy (ARPES, XPS, UPS), X-ray absorption

fine structure measurements (XANES), transmission spec-
_ o troscopy, and curreytoltage curves (dark and illuminated
Fig. 12. Inset: XANES spectra at the-1s edge of purdeo (solid liné), ~ py monochromatic visible light). Our results show that for

pure binder dashed ling and purea, 8-H,—Pc (broken ling. Main frame: . . .
measured spectrunsdlid line) of a mixed technical sample containing all the Pcs studied here a charge separation of the sing

1-Hy—Pg binder andCs0, constructed spectrunibrpken ling from a super- |et_expit0nic state is energetica”y possible when the ma-
position of the spectra in the inset terial is doped withCgo. It is therefore expected that the

PHOTON ENERGY (eV)
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1.a) photo conductivity, hv=610nm_{
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for sandwiches of these materials betwetn and ITO
contacts when thél,—Pcbinder composite is mixed with
5% Cep.

~
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Fig. 14a,b.1/U curves of sandwiches of technical samples-¢f,—Pcand
binder with ppen symbolsright scal§ and withoutCgg (filled symbols
left scalg. The sample composition is: gla$§O/t-H,—Pccomposit¢Au.
The sandwich is grounded at the ITO contact; the voltage is applied at the
Au-contact.a sample illuminated by radiation with a wavelength64f0 nm
from the ITO sidepb sample without illumination

15.
16.

luminescence will be quenched and the photocarrier genery'
18.

ation will be improved. FoICu—P¢ Fe—P¢ VO—P¢ and
1-H,—Pc even a charge separation of the triplet excitonic

state is energetically possible, which might be a second9.
20. R.W. Lof, M.A. van Venendaal, B. Koopmans, H.T. Jonkman, G.A. Sa-

path to improve the charge carrier generation. No improve-
ment via triplet excitonic states is expected fNi—Pc
TiO—P¢ anda, B-H,—Pcwith Cgo. All the Pcs studied here

ing by Cgo. For technical sample composites oH,—Pc

with a polymeric binder that are already in use as pho-27.

toreceptor materials, transmission spectroscopy results gave

no indication for a ground-state electron transfer upon ad#8:

mixture of 5% Cgo. An enhancement of the photoconduc-

- . 9
tivity and an improved contrast between photocurrent anogol

darkcurrent has directly been seen from th& curves 31

Q
vorst™ 3

10.

11.
12.
13.
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