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We have studied the applicability of Near Edge X-ray Absorption Fine Structure (NEXAFS) and
Angle-Resolved Ultraviolet Photoelectron Spectroscopy (ARUPS) on insulating organic molecular
crystals, using single crystals of o-perylene as an example. The influences of sample charging were
investigated. By employing suitable compensation techniques in combination with partial yield
detection, the charging problem could be solved satisfactorily for NEXAFS and partially for ARUPS.
The techniques to be described allowed us to obtain NEXAFS spectra with a fairly high energy reso-
lution of AE = 0.4 eV. The spectra so obtained for a-perylene single crystals display several sharp
peaks whose intensities strongly depend on the polarization angle of the incident synchrotron radia-
tion. From the angular dependence we derive an average angle of inclination of the molecular planes
relative to the (001) cleavage plane of 85°+5° which is in excellent agreement with the angle deter-
mined from a full X-ray crystal structure enalysis.*The various peaks are tentatively assigned to dif-
ferent transitions from C 1s levels to = and ¢ final states; some spectral details even reflect
influences by the crystal structure. It is noteworthy that useful sample thickness can be anywhere
between monolayer and macroscopic dimensions.

1. INTRODUCTION

While the structural and physical properties of a large number of inorganic solids
and surfaces have been studied extensively, the great variety of properties that
organic solids can have or can assume upon suitable treatment (such as e.g. dop-
ing) have been attracting broad attention only in the past few years. The recent
rapid increase of interest is mainly due to the challenging prospect of a potential
usefulness of this huge class of materials. Progress is expected with the develop-
ment of new active electronic, opto-electronic and electro-optic, all-organic or

* Corresponding author.
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organic-on-inorganic (“hybrid”) intergrated circuits and other thin film devices
for modern information technology and sensing (see e.g. [1-5]). After the first
promising application-oriented steps into what has been named “molecular elec-
tronics”, however, it soon became clear that it was most important to gain a more
detailed insight into the basic properties of this class of materials and to uncover
their inherent potential for applications. Only with such knowledge it would be
possible to microscopically tailor the wanted structures and properties, to get rid
of disorder and impurity interferences, and to project device properties and man-
ufactoring techniques. In particular, it appeared important to find answers to such
fundamental problems as to the preferential orientation of molecules in
vapor-deposited thin films, the possibilities of such systems to grow in epitaxi-
ally ordered structures, especially on inorganic substrates, (such as e.g. conven-
tional semiconductor or metal surfaces), and the geometric and electronic
properties of organic/inorganic interfaces, e.g. at electrodes. Further, a controlled
preparation of well-defined interfaces between highly ordered thin films of two
different molecular materials appeared to be an indispensable basis for meaning-
ful physical experiments. Such experiments then should lead to a detailed micro-
scopic understanding, opening up the possibility to optimize the interactions and
transport properties and thus develop such systems into useful devices.

As the number of molecules adjacing an interface is rather small (1013 -
10‘4per cm?, ie. 1070 — 10719 moles), it is important to apply analytical tech-
niques that are sufficiently surface sensitive. However, most of the available
techniques use charged particles; these necessarily cause a certain degree of
degradation of the molecular material (“beam damage”), on the one hand, and
frequently also lead to perturbations by sample charging, on the other. The latter
problem is a rather common one for insulating films with a thickness exceeding a
few monolayers ; it turns out to be a particularly serious one if the samples are
macroscopic insulating organic crystals as studied in this work. There is only lit-
tle experience available with eliminating charging in organic solids ( see e.g. [6—
10] and this is not directly transferable to NEXAFS and ARUPS techniques. It
appeared necessary therefore to perform basic experiments on possible causes
and mechanisms of charging phenomena and on ways of their elimination.

Concerning the choice of suitable organic materials, the requirement of long
term physical, chemical and photochemical sample stability in conjunction with
promising properties for electronic, optoelectronic, electro-optic or nonlinear
optical applications not only calls for substances of sufficiently large molecular
weight to display low enough vapor pressure, but also for molecules with struc-
tures that are sufficiently complex to bear the potential of exhibiting interesting
properties.
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Single cystals of perylene were used in the NEXAFS and ARUPS investiga-
tions to be presented here, because these were considered to constitute a useful
reference system for the interpretation of results obtained with vacuum
vapor-deposited thin films of this material, and even of other similar aromatic
molecules containing the perylene core. This principal idea will be elaborated in
the present paper.

Near edge X-ray absorption fine structure (NEXAFS) and angular-resolved
ultraviolet photoelectron spectroscopy (ARUPS) with linearly polarized syn-
chrotron radiation are two well-established surface-sensitive techniques that are
especially suitable for detailed investigations of the geometric and electronic
properties of adsorbate layers. These methods had already been applied success-
fully to study some adsorbates of rather complex organic molecules, and even
organic crystals with a certain dark conductivity (see e.g., [11-31]). To exploit
the potential of these methods in its full width and to overcome the charging
problems it appeared desirable to try to extend these techniques to insulating
organic thin films and single crystals. For the present piloting study we chose
a-perylene (c.f. fig. 1) as a model system, because this material has a room tem-
perature vapor pressure that is sufficiently low to guarantee a reasonable thin
film stability under UH V-conditions, because it is available — for comparison -
in the form of rather pure and perfect macroscopic single crystals [32] with a
known crystal structure [33], and, last but not least, because it has a favourable
molecular arrangement relative to the crystallographic (001) plane (cf. fig. 1) ;
this plane can easily be prepared by cleavage. Moreover, the observation of high
charge carrier mobilities in zone-refined single crystals {32, 34-36] makes
o-perylene attractive as a model substance.

In section 2 we briefly introduce the techniques used; experimental details are
given in section 3. In section 4.1 we present and discuss the charging and radia-
tion damage problems and describe ways that successfully led to well-resolved
NEXAFS spectra; reasons will be given that explain why useful ARUPS spectra
could not be obtained. The NEXAFS data are presented and interpreted in sec-
tion 4.2. A short conclusion and outlook will follow in section 5.

2. THE NEXAFS AND ARUPS TECHNIQUES

2.1 NEXAFS

In NEXAFS experiments the sample is irradiated with photons from a tunable
X-ray source; it is most convenient to use monochromatized, linearly polarized
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FIGURE 1 The structure of the perylene molecule (a), and the crystal structure of O-perylene in per-
spective view (b) and in two different, mutuaily orthogonal projections(c, d): c) projection on the a-c
plane (010); the observer views parallel to the a-b (001) cleavage plane, down the 2, screw axis [010];
d) projection down the intersection line of the two symmetry-related molecular planes; this line (m)
stands under 7° to ¢/, the normal to the (001) a-b cleavage plane; the cleavage plane is the exposed
surface in the experiments; <(m,a) = 83°, <(m,c') = 7°, <(m,b) = 90° .The normals N to the
molecular planes make an angle Y= 84.4° with ¢'. — a-Perylene crystallizes in the monoclinic space
group P2,/a with two inversion-symmetric molecular pairs per unit cell. The cell parameters are
a=11.28A, b =10.84, ¢ = 10.26A, B = 100.5° ( the figure, drawn after the numerical data of ref.
[33], has been taken from [36])). Notice that the hydrogen atoms have been omitted in the projections
of the unit cell

synchrotron radiation. Absorption spectra are obtained by indirect (“excitation”)
techniques that monitor a decay signal which is directly related to the absorption
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process (e.g. emitted fluorescence photons, Auger electrons, or secondary elec-
trons, emerging from a certain absorption or escape depth), while the photon
energy is scanned through an absorption edge. The measured signal is roughly
proportional to the absorption coefficient. For an organic molecule X-ray absorp-
tion maxima are observed for excitations of a localized 1s core electron (i.e. C
1s, O Is, N 1s, etc.) to unoccupied molecular states, which can either be bound
(i.e. situated below photoionization threshold) or “quasibound” (resonances
above threshold that rapidly decay into continuum states).

The NEXAFS transitions, in addition to being element-specific, contain ener-
getic information about the chemical binding of the composing elements and
molecular groups under consideration and about their interactions. The spectral
details are often very sensitive to even subtle differences of the chemical or phys-
ical bonding state. Moreover, they contain information about the spatial distribu-
tion of unoccupied valence orbitals since the transition matrix element involves a
very localized 1s initial state. It should be emphasized, however, that this spec-
troscopy probes valence orbitals in the presence of a core hole, and not those of
the unperturbed ground state.

A second important application concerns the orientation of molecules. Many
organic molecules possess one or more symmetry elements, or at least contain
groups that are subject to local symmetry. These symmetry properties can be uti-
lized in polarization-dependent measurements, because the NEXAFS excitations
are based on electric dipole transition matrix elements. Consider, e.g., a planar

2 2 2

molecule with D2h (o mw) symmetry, such as perylene. The orbitals can be
either symmetric “o”-orbitals with respect to the x-y molecular plane, which is a
mirror symmetry plane, or antisymmetric “n”-orbitals. According to the selec-
tion rules, only those transitions are allowed whose transition dipole matrix ele-
ment belongs to the totally symmetric representation (a;g); i.e. the product of the

symmetry characters of the three factors of the matrix element — I) the initial
state, II) the scalar product of the polarization vector and the dipole operator, and
1IT) the final state — must belong to a;, symmetry. Thus, e.g. for an initial core
electron stemming from an s-type level, an excitation into ¢-type final state can
only take place if the polarization vector also contains ¢ character (i.e., in the
example, if it has a component in the molecular plane). In contrast, n-final states
can only be reached if the electrical field vector has a component perpendicular
to the molecular plane (“n”-component).

If we assume for the moment that all molecules (of Dy, symmetry, in our
example) have the same orientation with respect to a given surface or reference
plane of the sample, a variation of the polarization direction should, in general,
cause a characteristic variation of the height of each of the different absorption
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peaks according to the respective symmetry of the final state that is addressed.
Consequently, from the variation of absorption with polarization direction and
with the knowledge of the ¢ or & symmetry character of the final state, the orien-
tation of the molecular symmetry element(s) can be concluded. Specifically, for a
planar molecule, if the normals of all molecules in an arbitrary sample have the
same orientation, a straightforward quantitative evaluation of the angular varia-
tion of the NEXAFS signal intensities allows one to determine a rather accurate
tilt angle 7y of the molecular planes relative to the sample surface. The intensity
distribution for the 1s — " transitions is [37]:

Iy /Io ~ P - (siny - cos® - cos ¢ + cos 7y - sin¥)? + (1 — P)sin? y - sin®p (1)

where 1, is the intensity of the incident radiation, 1 the intensity of the NEXAFS
signal, P=1,/(I, +1)) the (generally nonperfect) degree of polarization of the
synchrotron radiation, with P = 1 and P = 0 for complete polarization in the plane
of incidence and perpendicular to it, respectively. ¥ is the angle of incidence of
the radiation relative to the surface normal; the sample rotation angle about the
surface normal, @, is taken as zero when the plane spanned by the molecular nor-
mal N and the sample normal is parallel to the plane of incidence.

Usually the molecular arrangement — even in a single crystal — is more compli-
cated. A very common packing pattern of molecular crystals is a zig-zag herring-
bone-like arrangent of the molecular planes (as in B-perylene) or of pairs of
mutually parallel molecular planes, (as realized in the thermodynamically stable
modification a-perylene to be used in this work). If such a sample is cut along a
plane perpendicular to a crystallographic mirror plane (i.e. along the a-b plane in
our case) and oriented such that the mirror plane is parallel to the plane of inci-
dence, then to every molecular normal at azimuth ¢ a molecular normal at -¢@
exists. Summing up both contributions the structure of eq. 1 is retained. — If for
planar molecules the molecular arrangement relative to the sample surface has at
least an (average) threefold rotation symmetry (as e.g. obtained in epitaxy on
cubic (111) substrate surfaces) the intensity distribution function of the 1s — T
transitions is independent of ¢

Ie/Io ~ P (sin 7y - cos? ¥ + 2 cos? 5 - sin® 9) + (1 — P) sin® 5 (2)

If only one of the orientational angles ¢ and 7y of the molecular plane is fixed for
all molecules, whereas the other is random, the information that can be obtained is
an averaged one; the orientation can be determined less uniquely; moreover, preci-
sion suffers in general from a less pronounced (average) anisotropy.

In this paper we have chosen to use only the n-intensities for quantitative
evaluation, because an analysis of the 0" -intensities was less save due to ambigu-
ities with peak assignment, very broad peak structures, and unknown background
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in the energy range above the absorption edge jump. The results of the angular
dependent measurements and of a quantitative evaluation will be presented in
section 4.2.

2.2 ARUPS

In angle-resolved UV-photoemission spectroscopy (ARUPS), electronic transi-
tions from occupied molecular orbitals to continuum states are monitored. The
symmetry character of the latter is determined by the momentum vector of the
emitted electrons and hence by the position of the electron analyzer with respect
to the reference coordinate system. Since photoemission is also, like NEXAFS,
governed by the symmetry characters of the factors in the transition dipole
matrix element, the use of polarized synchrotron radiation in conjunction with
different angles of incidence can give very similar information. Moreover, cross
section effects and band structure formation can be investigated by varying pho-
ton energy and angles of incidence and/or detection. Unfortunately in the present
case of an insulating organic crystal charging effects caused very serious distor-
tions and the experimental conditions could not be improved to such an extent
that it was possible to obtain sufficiently reliable information from the ARUP
spectra; this will be shown and explained below. Therefore the subsequent elabo-
ration will focus on NEXAFS mainly.

3. EXPERIMENTAL

The NEXAFS and ARUPS experiments were performed at the Berlin electron
synchrotron storage ring, BESSY [18, 23, 38], using monochromatized radiation
from either the SX-700-I [39] or the TGM-1 [40] monochromator. The degree of
polarization was P =0.87 for the SX-700-1. In the NEXAFS experiments the
monochromator resolution at the carbon K-edge ( ~ 280 eV) was usually set to
0.7 eV (100 pum exit slit width), in some cases to 0.4 eV (20 um exit slit) for high
resolution measurements. For reasons that will be discussed in section 4.1, the
NEXAFS spectra were taken in the partial yield mode; i.e. only those (Auger or
secondary) emitted electrons which had sufficient energy to pass a preset thresh-
old potential (established by a retarding electric field) were detected by a chan-
neltron (in the counting mode). The experiments were performed in a UHV
chamber, equipped with a hemispherical analyser (VSW), LEED optics, a partial
yield detector, and a sample transfer system, described in detail elsewhere [{41].
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Single crystals of the a-modification of perylene (fig. la), studied in these
investigations, were grown in the crystal laboratory of the Physikalisches Institut
of the University of Stuttgart by the Bridgman technique, using zone-refined
material [42]. The crystal structure of the o-modification of perylene has two
inversion-symmetrical sandwich pairs of the planar molecule in the unit cell,
Z = 4, space group P2/a [33], see figs. 1b, 1c and 1d (taken from ref. [36].

Notice that the angle between the c¢™-axis (1 (001) ) and the normal N to the
molecular plane is 84.4°; i.e. the molecular planes stand nearly upright on the
crystallographic (001) cleavage plane (a-b plane) [33], which we have chosen
therefore as the surface plane to be studied in the experiments to be presented.
The crystal boules were cut into slices along the a-b (001) cleavage plane, using
a dissolution thread saw technique; the slices were finally solvent-polished with
xylene on lens cleaning cellulose tissue (to a surface roughness of ca. 0.25 pwm),
see e.g. [42,43].

Two different single crystals of a size of about 5 x 8 X 0.6 mm?>each were used
for the measurements to be presented. These samples were placed on a sample
holder as shown in fig. 2 and partly covered (and held) by a thin Ni foil,
spot-welded onto a Ta support plate which was fixed on grounded stainless steel
blocks; electrical contacts to the crystal were made by conductive silver paste.
The whole assembly could be transferred across a lock through an evacuated
preparation chamber into the measurement vacuum chamber.

Ta-plate
a-Perylene

single crystal

stainless steel
support

o] Ni-sheet

LaBg - coated

filament

FIGURE 2 Sample holder used in the NEXAFS and ARUPS experiments. For compensation of sam-
ple charging a filament was placed near the single crystal, and a Ni-foil, attached to the Ta support
plate, was mounted such that it partly covered and contacted the organic crystal
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For compensation of positive sample charging a tungsten filament for electron
emission was tentatively installed close to the sample (see fig. 2). However, the
heat produced with this charge compensation method led to an intolerable
increase of the perylene vapor pressure in the chamber. This evaporation was
subsequently utilized for cleaning the crystal surface and for sucessively getting
rid of radiation damaged molecules from the surface region, but it was, of course,
inacceptable for measurements in the synchrotron vacuum system. Therefore we
added a LaBg-coated filament for electron emission at reduced temperature and
we cooled the sample holder to about 100 K during the measurements. The
perylene partial pressure was thus kept well below 107 mbar which was consid-
ered to be the permissible upper limit.

Intensity normalization of NEXAFS spectra is of prime importance for the evalu-
ation of true peak intensities, in particular at the carbon K-edge {37, 44]. This neces-
sity is due to carbon contaminants on the optical elements of the monochromator
which lead to a strongly structured transmission function I (hv) around the carbon
K-edge. In fig. 3 a typical transmission function is shown as dashed line. The signal
from the sample, I(hv), has to be normalized to the incident intensity 1, to obtain a
true measure of the actual absorption cross section. (An example of a normalized
NEXAFS spectrum VI, taken at & = 40°, is displayed in fig. 3, full line).

edge jump

T I 1 7 T i 1 T 1 !

| CK-edge i
n —
t —
> ]
..d —
‘6 IIIO
> NaANYY T Iy
m
C
QS
ol
—t

lja%illJnlrl

280 290 300 310 320 330
Photon Energy (eV)

FIGURE 3 Normalized carbon K-edge NEXAFS spectrum /I, of an o-perylene single crystal, taken
at an angle of incidence ¥ = 40° (full line), and the monochromator transmission function I (hv) used
for normalization and energy calibration (dashed line). In the hatched energy regions the normaliza-
tion procedure is very sensitive to the “correct choice” of the I, spectrum. The “edge jump” at the
absorption edge as well as the area of the 7" peaks used for quantitative evaluation are indicated
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The 1, signal was recorded by measuring the photocurrent of a gold grid (mesh
width 0.5 mm) positioned between the monochromator and the sample. Because
the flooding electrons which were needed for charging compensation (see below)
strongly contributed to the I, signal, a simultaneous recording of I and 1, was not
possible. Normalization was accomplished by recording I, with optimized
I,-monitor and I, the partial yield (PY) signal from the sample under optimized
charge compensation, in subsequent measurements. In each calculation of the
1/1,, ratio the (slight) decrease of the photon flux caused by the limited lifetime of
the electron beam in the synchrotron was taken into account.

The necessary correction of the shape of the spectrum turned out to be consid-
erable (cf. fig. 3, especially in the hatched regions). Therefore extensive investi-
gations were made on the details of the normalization, to make sure that the
found peak splitting of the n"-system as well as the results of the quantitative
evaluation given below are correct. In the I signal two dips occurred reprodici-
bly (cf. fig. 3); these were utilized as references to check the photon energy cali-
bration for each spectrum. The calibration of these apparatively caused dips was
achieved by careful XPS measurements (at hv = 300eV) of samples with accu-
rately known core level energies (Si 2p and Ni 3p), using an energy-calibrated
electron analyser. The energies of the two minima so' determined were obtained
as 284.7 eV and 291.0 eV (#0.1 eV), in agreement with the values reported by
Stohr and Jaeger [37,45].

4 RESULTS AND DISCUSSION

4.1 Handling of charging and radiation damage problems

The study of ronconductive organic materials by synchrotron radiation is con-
fronted with several problems. Sample charging, the main problem arising with
NEXAFS and ARUPS investigations, will be discussed in subsection 4.1.1.
Radiation damage (fragmentation of molecules), a well-known but less restric-
tive problem which can be solved more easily, is treated in subsection 4.1.2.

4.1.1 Sample charging

Possible effects

Due to insufficient electric dark conductivity of the sample (the band gap of the
perylene crystal, AE ~3.1 eV [46], is much larger than kT) the photo-, Auger-,
and secondary electrons released by synchrotron radiation in the surface region
cannot be replaced instantaneously from the bulk. Under the intense irradiation
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used (~10]2 photons mm™2 s71) this leads to the build-up of an inhomogeneous
positive surface charge. The additional electric field thus generated in the surface
region reduces the kinetic energy of the emitted electrons, and electrons below a
certain threshold cannot even leave the sample. Therefore the photoemission
peak from a level i which should appear at a certain kinetic energy E{dn , a880Ci-
ated with a binding energy E! , is shifted to lower kinetic energy (and thus
reflects an apparently higher binding energy). Moreover, because the potential
induced by surface charging is not spatially homogeneous, the photoemission
peak is broadened asymmetrically. The inhomogeneity arises because the kinetic
energy of an electron emitted from an atom B depends on the distance to a previ-
ously ionized (and not yet neutralized) neighbouring atom A. Charging shift,
peak width, and peak asymmetry are thus a function of the ion - ion separation
distribution function that depends on the applied photon flux, the energetic distri-
bution of the emitted secondary electrons, sample size, absorption coefficient
and dark conductivity of the material under investigation. Of course, if there is
substantial charging, neither ARUPS nor NEXAFS structures can be resolved, as
can be seen from fig. 4 for ARUPS and from fig. 5, spectrum 1, for NEXAFS,
displayed for demonstration.

Charge compensation techniques

To avoid or at least reduce charging, various techniques were tried; these
yielded different success.

1. Flooding the sample with low energy electrons — a method that turned out to
be the most effective charge compensation technique in our investigations.
The electrons were emitted either from a

a) (grounded) filament, located excentrically in front of the sample, and
directed onto the latter by a small variable voltage difference (see fig. 2 and
section 3), or from

b) home-made flood gun; the flood gun, however, delivered enough electrons
only at kinetic energies above ~8 eV.

(The set-up (a) was applied in the NEXAFS, (b) in the ARUPS measurements).
The most drastic effects were always obtained with the flood gun by variation of
the magnitude of the compensation electron current (captured by the sample),
whereas a variation of the kinetic energy of these electrons had only minor influ-
ences on the spectral shape.

2. Increasing the sample temperature which should exponentially increase the
density of thermally generated charge carriers and hence the dark conductiv-
ity, was another method tried.
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FIGURE 4 ARUP spectra taken at normal emission with hv = 35 eV from an o-perylene single crys-
tal in different states of sample charging, compared to a spectrum of a thin perylene layer (< 50A
thick) on Si (111) which displayed no charging effect, cf. [19,47]. The single crystal data were taken
at a spot at 5 mm distance from the Ni foil with the HBO lamp shining on the sample. The sample
currents caused by the electron flooding are given in the figure. For a suitably selected intermediate

intensity [arb.units]

U. ZIMMERMANN er al.

ARUPS

o -perylene
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value of the current (spectrum 2) the shift is negligible, as desired
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FIGURE 5 Unnormalized carbon K-edge NEXAFS spectra, taken in the partial yield mode of an o~
perylene single crystal in different states of sample charging (electron detector signal versus energy
of the incident photons). The parameters used for charge compensation while taking the spectra
labeled 1 — 4 are given in table I (angle of incidence ¥ = 40°, scan speed 0.4 ¢V/s, spectral resolution
0.7 eV, retarding voltage for partial yield detection 30 V)

3. Inducing photoconductivity by subsidiary illumination in the low energy
absorption region with a photon energy too small to cause photoemission
(blue/ violet for perylene) is an alternative measure, described in the literature
[9]. A high-pressure mercury lamp (Osram, HBO 200 ), mounted outside the
vacuum chamber, was focussed onto the sample for this pupose. Subsidiary
irradiation by the Hg lamp generally led to slightly sharper structures. It was
therefore left on during all experiments. (Even a normal laboratory tungsten
lamp had a noticeable influence.)

4. Improving charge transport across the crystal surface by providing subsidiary
electrodes at short distances, such as, e.g., a vapor-deposited grounded nar-
row-mesh metal grid, is an other established possibility to reduce charging, [8,
9], however, with the consequence that emission from the metal is superim-
posed to some extent. We therefore preferred to try to measure with the syn-
chrotron radiation impinging close to a Ni foil glued off-center onto the crystal
surface by conducting silver paint and wired to the sample holder ( see fig.2).
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Inherent problems with charge compensation

It should be underlined, however, that all efforts made to achieve surface
charge neutralisation by electron flooding may lead to overcompensation, i.e. to
negative (and usually inhomogeneous) sample charging. This has the conse-
quences of a shift of the photoemission peaks to higher kinetic energy (reflecting
an apparently lower binding energy). The net effect of simultaneous photoemis-
sion and charge compensation by electron flooding can therefore be either no
shift, or a slight down or upward shift of the derived binding energy. Even when
full net compensation is achieved and hence no net shift of the line centers
occurs, the lines will usually be distorted to some extent by (asymmetric) broad-
ening, as discussed above, at least in the case of photoemission (see fig. 4).

4.1.2 Experimental investigations on sample charging

In view of the ambiguity with the proper “a priori” choice of the compensation
current,and because of problems with the assessment of an absolute energy scale,
inacceptable resolution of spectral details, and poor reproducibility, the spectra
obtained in our ARUPS experiments with an insulating organic crystal were con-
sidered to be of too little conclusiveness to allow drawing meaningful informa-
tion. It should not be left be unmentioned, however, that with integral,
i.e.non-angular-resolved UPS of perylene and other organic single crystals rea-
sonable data could be obtained successfully under somewhat different experi-
mental conditions (lower photon energies, smaller photon flux, different charge
compensation techniques) [7-10].

The recording of useful NEXAFS spectra, however, was rather successful, in
contrast to ARUPS. Fig. 5 displays a selection of four NEXAFS spectra taken
under the different experimental conditions listed in table I. One can clearly see
that spectrum 4 resembles usual NEXAFS spectra, and that the success of charge
compensation increased with the number of spectral runs. Spectrum 4 is in fact
fully compatible with data from thin perylene layers which are not subjected to
charging problems [23]. The origin of the strange shape of spectra 1-3 will be
discussed below. We first concentrate on the question how successful the differ-
ent applied charge compensation techniques actually were for NEXAFS.

TABLE I Experimental conditions for the NEXAFS spectra shown in fig. 5

Curve No. filament current (A) distance from Ni-foil (mm) HBO-lamp
1 0 3 off
2 4] 1.25 off
3 0 1 off
4 1.65 2 on
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The proximity of the charge collecting Ni foil, mentioned above, had a signifi-
cant influence on the NEXAFS data, as can be seen from fig. 5. The closer we
moved the light spot of the synchrotron irradiation (~ 0.5 mm @) to the Ni foil,
the more the measured NEXAFS structures became similar to the reference spec-
trum. This indicates that charge transport across the crystal surface is an impor-
tant discharge channel, indeed. An enhanced sample temperature obtained by
additional heating also reduced charging distortions; but, unfortunately, the con-
comittant increase of vapor pressure was intolerable in the synchrotron vacuum,
as already mentioned.

The most effective charge compensation method was again electron flooding.
The success is shown in fig. 5, spectrum 4, and in figs. 3, 7-9. The spectra look
quite normal, contain a clear edge jump, and display a fine structure with a reso-
lution which is only limited by the monochromator bandpass. In this case the
actual compensation current could not be measured, hence only the current
through the filament is given (table I). The average voltage between crystal and
filament was a few tenths of a volt and determined by the potential difference
between both ends of the filament (the crystal was connected to the positive end
of the filament). Note that for filament currents higher than 1.65 A no further
changes could be found. The current threshold above which normal NEXAFS
spectra were obtained and no further changes occurred, however, depended on
sample temperature, proximity of the X-ray spot to the Ni foil, and illumination
of the sample by visible/UV light. For the spectra of figs. 3, 7-9 we used the
parameters given in the last line of table 1.

The conclusion is justified that the NEXAFS method can not only be utilized
for spectroscopic investigations of thin films of a great number of insulating
organic molecular materials, but also of the respective bulk single crystals. This
fact is important because it allows one to use data obtained with bulk samples of
known crystal structure and molecular orientation to draw conclusions on the
microscopic order and interactions in thin film samples.

What is the reason for the less favorable behaviour of the ARUPS method as
compared to NEXAFS concerning charging interferences?

To find an answer to this question it is necessary to consider the details of the
different excitation and detection processes, using the comparison in the sche-
matic fig. 6. The upper part of fig. 6 visualizes the UPS photoemission process
from the valence band levels with a binding energy E,, relative to the vac-
uum-level E,. By absorption of a UV photon a valence electron is “transferred”
towards the right side of the energy scale drawn. Electrons that have energies
above vacuum level are emitted with a kinetic energy E,;, =hv — E;. Thus a
spectrum is obtained that has an upper edge (the Fermi level, in case of a metallic
conductor, or the top of the uppermost valence band in all other cases) and shows
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FIGURE 6 Schematic energy level diagram and photoemission spectra for (a) UV-photoemission, (b)
X-ray excited photoemission and Auger decay near threshold, and (c): same as (b), but for a posi-
tively charged sample. The energy bandpass windows for the detection of photoemission (a) and par-
tial yield NEXAFS (b) and (c) are indicated. Dotted areas represent elastically or inelastically
scattered photoelectrons and hatched areas elastically or inelastically scattered Auger electrons
recorded by the partial yield detector

peaks which represent occupied valence and core levels. The spectrum also con-
tains a strong background signal caused by secondary (e.g. inelastically scat-
tered) electrons which increases steeply towards low kinetic energy and
terminates abruptly at the photoemission threshold (E,). The spectrum shown
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was recorded by scanning an energy window with preset narrow pass width (that
determined the resolution) across the kinetic energy range under consideration. 1f
positive (negative) charging had occurred, this spectrum would have been shifted
to lower (higher) kinetic energies as discussed above.

In the middle part of fig. 6 a typical X-ray photoemission spectrum (XPS) is
sketched. It is rather similar to a UV photoemission (UPS) spectrum, except for
the energy range and additional structures. One of such additional structures, an
Auger peak, is indicated. The charging problems are similar for XPS and UPS.

However, while for XPS and UPS a fixed photon energy is being used, the pho-
ton energy is scanned across an X-ray absorption edge for NEXAFS. This has
two consequences for the photoemission spectrum. One is that, as the photon
energy is increased, all underlying photoemission peaks continuously shift
towards higher kinetic energy. The second effect is the appearance of additional
photoemission peaks, whenever the ionization threshold of an occupied elec-
tronic level is surpassed, and of Auger peaks at energies E, in the high energy
range of the spectrum which are caused by the decay of the ionized core level,
involving two valence electrons in the present case of light elements.

In NEXAFS spectroscopy the X-ray absorption peak positions and peak widths
are solely determined by the allowed dipole transitions of the initial (usually neu-
tral) atom or molecule: it is an important feature of NEXAFS that these transi-
tions take place before the emission of a charged particle (the Auger decay is a
secondary process) and thus before Coulombic interactions come into play.
X-ray absorption energy levels of the neutral atoms or molecules could only be
noticeably perturbed by a very high electric field emerging from a charge/ion in
the immediate neighbourhood, a situation which is highly unlikely in view of the
moderate photon flux density in conjunction with the small cross section for
X-ray absorption, as well as in view of the comparatively small “particle” den-
sity of eventually accumulated space charge.

The absorption of an X-ray photon in a sample can be monitored by the yield
of fluorescence emission (FY), of Auger electrons (AY), or by the total or partial
yield of the emission of electrons at different energies (TY and PY, respectively).
FY detection was not tried in the present investigation because a suitable X-ray
detector was not available. TY detection, easy to perform in principle, caused
problems by a poor signal to noise ratio; moreover, smail changes of sample
charging, causing concomitant shifts of the spectra, drastically altered the TY
signal due to the high intensity of secondary electrons near the ionization thresh-
old E,. Thus TY detection appeared unsuitable for insulating samples.

In what follows, we discuss why partial electron yield and Auger electron
yield detectionof X-ray absorption — that we finally applied — are less subject to
charging distortions than, e.g., UPS and XPS.
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For Auger yield detection, AY, a comparatively wide electron pass energy (2
10eV) is commonly used for the analyser/detector, with a constant central energy
chosen such that the most intense Auoger lines fall into this window and are mon-
itored. When the photon energy is scanned across an X-ray absorption edge, an
Auger signal is “switched on” (somewhere within the window) with an intensity
proportional to the absorption cross section. For samples which charge up, the
Auger features are shifted and smeared out, similarly as discussed above for pho-
toemission. But for NEXAFS this is not a serious problem since the pass energy
of the analyzer window can be set as large as necessary, such that slight spectral
shifts do not matter. What is needed for monitoring the X-ray absorption is
merely the integral Auger intensity and not any spectrally resolved structure.

In partial yield detection, PY, only electrons in an energy range above a preset
retarding voltage (threshold energy Ey), indicated in fig. 6 as “partial yield win-
dow”, are registered, whereas all below are discarded. As the photon energy hv is
increased and scanned across an absorption edge at hv;, the emission signal
above the threshold energy (symbolized by the dotted area in fig. 6) is enhanced
by the new Auger peak (processes a and c) and part of the concomitant back-
ground of inelastically scattered electrons (indicated by the hatched area in
fig. 6). However, a large undesired background signal is suppressed that is
caused by the major part of all other inelastically scattered photoelectrons of
already opened photoemission channels (e.g. of the transition a) and by the initial
low energy part of a freshly opened photoemission channel from the next core
level reached: The electrons from these latter contributions appear right above
the vacuum level E,, and their kinetic energy is not enough to surpass the retar-
dation threshold set by the lower limit of the energy window.

Thus one can rationalize that charging influences should even be less signifi-
cant for the wider window PY than for the narrow window selective AY detec-
tion; although this was not explicitely checked in the present investigations, we
predominantly used PY detection as it proved to lead to the best S/R ratios in the
single crystal experiments and allowed solving the charging problems in a satis-
factory way.

There is an additional advantage of PY detection, concerning charging: The
choice of the compensation method and of useful parameters is rather uncritical.
This is sketched at the bottom of fig. 6. As discussed above, charging leads to a
shift of the entire spectrum and to a smearing out of the peaks. Of course, charg-
ing occurs already for photon energies below the 1s absorption threshold because
of the existence of ionizable levels with lower binding energy (e.g. ® valence
band states). However, whenever during scanning the photon energy additional
absorption channels are opened, there is a strong increase of charging and of the
spectral shifts and distortions connected with it. Thus the additional intensity
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provided by a newly opened Auger channel may partly or entirely be compen-
sated or even overcompensated by the cutoff of secondary electrons that occurs
when — due to charging — the PE spectrum is shifted against the fixed retarding
voltage (see fig. 6¢). Intensity reduction by overcompensation is clearly seen in
the initial NEXAFS spectrum (1) of the series of measurements under succes-
sively improved compensation parameters, presented in fig. 5.

Finally we have to answer the question why charge compensation works espe-
cially well for PY detection. The reason is simply that peak broadening has no
effect on the PY signal because this method integrates over the PE and Auger
signals. In addition, small charging shifts have little influence because the addi-
tional intensity gained from a newly “switched on” Auger peak, lying suffi-
ciently above the cutoff threshold energy, and its background is normally much
larger than the intensity lost at the lower end of the spectral interval that is
accepted by the PY detector.

Summarizing this paragraph we conclude that for the material class of noncon-
ductive organic crystals partial yield (and probably also Auger yield) detected
NEXAFS should quite generally be a well-suited experimental method for studies
of the electronic and geometric structure if measures against sample charging are
taken. The choice of the compensation method and of suitable parameters is rather
uncritical. In contrast to NEXAFS, however, ARUPS appears barely useful for
such studies even when the charge compensation methods described are applied.

4.1.3 Radiation damage

Radiation damage can be a severe problem for all molecular materials. As a rule,
damage is the higher the weaker the chemical bonds and the lower the activation
barriers for chemical reactions such as dissociation or formation of new bonds
are, and the higher the energy of the photons is. It is often unclear, however,
whether the main damage is caused by the primary photoionization process and
by a subsequent Auger decay (leading to a rwo-hole final state !), or by the action
of the medium energy secondary electrons, for which the ionization cross sec-
tions are large. The probability of radiation damage also strongly depends on the
rate and degree of delocalization of the locally formed single or doubly charged
hole state before bonds have time to change or break by the motion of atoms or
molecular subunits.

Since no quantitative predictions are possible, the doses leading to untolerable
radiation damage must be checked experimentally in every case. For the present
system and the photon fluxes used we observed noticeable irreversible changes
in the NEXAFS spectra only after about half an hour. These changes disappeared
if the crystal temperature was sufficiently raised such that significant evaporation
occurred. Only after hours of irradiation during the alignment procedures of the
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experiment visible (brownish) spots with the shape of the illumination focus
were seen in the otherwise clear crystal.

Noticeable influences by radiation damage could be avoided by measuring
spectra on a fresh sample area in each run (lasting 6 min at most). Thus, in gen-
eral, with the given diameter of the beam spot d < 0.5 mm, radiation damage
should not cause serious problems with organic crystals if reasonably sized sam-
ples are available and the molecules have a stability similar to that of perylene.

4.2 High resolution NEXAFS spectra of single-crystalline a-perylene

4.2.1 Assignment of the lower energy peaks

After having solved the experimental problems addressed in the introduction and
in section 4.1, reliable NEXAFS spectra of a-perylene single crystal slices could
be recorded. Fig. 7 displays a series of normalized spectra taken around the car-
bon K-edge at various angles of incidence 3 relative to the crystal surface which
is the (001) cleavage plane (see inset). The spectra exhibit a strong angular
dependence. For normal incidence (0 = 0 ) the first peaks labeled 1 and 2 exhibit
rather high intensity. Increasing the angle of incidence causes a drastic intensity
reduction of these peaks whereas the structures labeled 5/6 slightly increase with
respect to the edge jump. The (angle-independent) edge jump is defined in fig. 3
and serves as an intensity reference for comparison of the angle-dependent spec-
tra shown in fig. 7.

The spectra of fig. 7 can be used for a first peak assignment (see also table IT).
Peaks at the low energy onset of a carbon K-edge NEXAFS spectrum of a mole-
cule trivially must be assigned to transitions from the C 1s core level to lowest
unoccupied levels. For organic molecules that carry m-electrons these lowest
unoccupied levels are antibonding " -orbitals. Such " orbitals are found in the
same energy range for all “unsaturated hydrocarbons” {37; 11-15, 23-28].

TABLE II Assignment of the structurs in the angle-dependent NEXAFS spectra of single crystalline
o-perylene in fig. 7

Peak no. energy(eV) assignment

1 284.7(2) n (C=C)

2 286.2(2) 1 (C=C)

3 289.02) 6" (C-H), (" (C=C))

4 293.6(5) 6"(C-C), T — n"shake-up
5 301(1) ¢'(C-C)

6 309(2) ¢,

7 330(3) o
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The intensity of 1s — n” transitions should show a strong angular dependence
for suitable changes of the molecular orientation. The corresponding experi-
ments, indeed, confirm the assignment of the peaks 1 and 2 of the spectra of
fig. 7 to transitions from the 1s core level to "-states of the aromatic ring system
of the perylene molecule.

4.2.2 Polarization dependence and molecular orientation

The polarization-caused angular dependence of the X-ray absorption can be eval-
uated quantitatively. In plots of the intensity of the peaks 1 and 2, which were
assigned to transitions to 7 final states, as a function of the angle © the depend-
encies shown in fig. 8 are obtained. When the peak intensities determined as
shown in fig. 3 (shaded area) are normalized to the intensity at 3 = 0, the experi-
mental polarization dependence can be compared with curves calculated for dif-
ferent molecular trial tilt angles v, using eq. 1. The experimental dependence in
fig. 8 is best described by a tilt angle of 85°+5°.

This experimentally determined tilt angle is in excellent agreement with the
expected one: The samples used in our experiments had been cut and polished
along the a-b cleavage plane which is parallel to (001), (cf. section 3). From the
full X-ray crystal structure analysis of o-perylene {19] the inclination angle of
the normals of all 4 molecular planes in the unit cell, space group P2,/a, to the
normal ¢’ on the crystallographic (001) plane is obtained as y= 84.4°, As the
molecular orientations derived from the NEXAFS results obtained with single
crystals compare very well with those derived from X-ray diffraction data, we
conclude that the NEXAFS method is well-suited not only for the determination
of the molecular orientation in single crystals of other aromatic molecules, but
also in crystalline thin films and monolayers or even in textured amorphous sam-
ples, where X-ray methods are less efficient or even unsuitable. In retrospect, the
agreement also gives an unambiguous proof that our assignment of peaks 1 and 2
to transitions into " final states was correct indeed.

4.2.3 Fine Structure

For a more detailed analysis of the first peaks fig. 9 displays an expanded scan of
the " region; spectra taken at two different energy resolutions, Ahv = 0.7eV
(100 pm exit slit) and Ahv =0.4eV (20 pm exit slit) are compared. One can see
that the maximum 1 consists of at least two clearly distinquishable peaks with a
splitting of ~0.25 eV, and that peak 2 bears a weak shoulder at its high energy
tail. The origin of these features and in particular of the large 1.2 eV splitting of
peaks 1 and 2 is not fully understood. Recent CNDO/S calculations {47] of the
isolated perylene molecule in the ground state yielded only one unoccupied n
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FIGURE 8 Angular dependence of the " intensities (hatched area in fig. 3) of the peaks labeled 1
and 2 in fig. 7, normalized to the intensity at ¥ = 0. Dots with error bars represent experimental
results; the curves describe the expected angular behaviour — calculated with eq.(1) — for three differ-
ent inclination angles Y between the average transition dipole moments of the molecules in the unit
cell and the surface normal of the sample

orbital in this energy range. However, simple Hiickel calculations [23] in “equiv-
alent core” approximation showed that the splitting of peak 1 is most likely due
to transitions from Cls levels of inequivalent C atoms into the LUMOQO, while
peak 2 and its shoulders are attributed to transitions into LUMO+1, LUMO+2,
LUMO+3 and LUMO+4. Moreover, NEXAFS experiments with monolayers and
oriented thin films published elsewhere [18, 23] gave differing results, in particu-
lar fewer peaks and much less splitting in the n* energy range displayed in fig. 9.
For these thin films all molecules were found to lie flat on the substrate surface,
thus forming a different structure (with multiple domain orientaions) as com-
pared to the present single crystals. The details of the multiple peak structure and
of the differences between single crystals and thin film results are presently
under investigation. The splitting is apparently also related to the geometric
structure and to the specific interactions between the molecules in the crystalline
state. The fine structure of the 1s — 7" transitions is likely to contain information
on details of the organic layers and crystals.
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FIGURE 9 High-resolution carbon K-edge NEXAFS spectra of an (001) — oriented a-perylene single
crystal surface on an expanded energy scale, with the respective photon energy resolutions AE indi-
cated (PY detection mode with 30¢V retarding voltage and 1 eV/min scan speed)

A comparison with literature data shows that for a poorly ordered perylene
layer on Ag(111) no such splitting in the n systern has been observed [13], in
agreement with our own monolayer and thin film results mentioned above [23].
However, for tetracene and pentacene films on polycrystalline Cu substrates a
similar (1 — 1.5 eV) splitting of the T peaks, though no fine structure, has been
reported [13, 15]. Yokoyama et al. [15] argue that in the case of polyacenes
higher unoccupied 7" states have sufficient oscillator strength to be observed in
the NEXAFS spectra giving rise to two (or perhaps even more) peaks, whereas in
the case of polyphenylenes only one n peak was obtained, although these mole-
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cules should also have several unoccupied " orbitals. This behaviour was
explained by these authors by comparisosn with CNDOYS calculations as due to
the presence of the core hole. In the case of polyphenylenes this hole leads to a
localization of the first 7t orbital at the core-ionized atom yielding high oscillator
strength, whereas the higher n* orbitals are polarized away from the core hole
leading to a considerable decrease of the oscillator strengths. In the case of poly-
acenes less rearrangement of the surrounding “passive” electrons and hence less
localization is expected, which was believed to explain the appearance of a sec-
ond 1t* peak [15]. We partly agree with the localization argument but believe that
experiments with higher resolution and more sophisticated calculations are
required to arrive at a more detailed understanding of the fine structure.

4.2.4 Assignment of the higher energy peaks

The NEXAFS spectra of fig. 7 display additional peaks labeled 3 — 6. Peak 3 at
289.0 eV is attributed to a 1s — " (C-H) resonance (i.e. to the antibonding final
state of the C-H o-bond). This assignment is based on a comparison with
core-excited spectra of cyclic [11, 15, 23, 25-27] as well as linear hydrocarbons
[11, 12, 29] and on the sound arguments in refs. {11, 12, 15, 23, 25-27, 29]
derived from experimental comparisons and Xoa-SW [11, 12, 25-27, 29] or
CNDO/S [15] calculations. The fact that this peak shows no polarization depend-
ence (see fig. 7) is consistent with this assignment because the C-H bonds are
oriented in all directions in the o-perylene crystal. As no polarization depend-
ence is observable it is not possible to decide whether and to what extent
7' (C=C) final states are superimposed, though such a contribution to peak 3 is
likely [12, 48]. However, in contrast to Horsley et al. [48], Yokohama et al. {15]
argue that the 1" (C=C) intensity should be relatively small as compared to that
of the 6" (C-H) resonance. Our results support the argumentation of the latter
authors.

The intensity of peak 4 at 293.6 eV also appears to be independent of the polar-
ization direction. This would be consistent with its possible assignment to a tran-
sition to 6" (C-C) final states since C-C bonds also occur in all directions in the
o-perylene crystal; moreover peaks with similar energies (and o assignment)
have been found in other cyclic hydrocarbons [12]. Note, however, that the C-C
bonds in perylene are not all of the same length. In fact, those C-C bonds which
connect the two naphthalene subunits have the longest distance (~1.47A [33)),
these are oriented nearly perpendicularly to the (001) surface (see fig. 2) and
hence their o—transitions should be most intense in the spectra taken at 0 = 70°,
and barely visible in those taken at normal incidence. Although no pronounced
such effect is observed here, the measured data can still be considered consistent
with the expected polarization dependence since peak 4 exhibits a small peak
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shift as a function of the angle ¥, indicating that it is composed of at least two
contributions. The other contribution could represent either transitions to o
{C-C) final states of C-C bonds with other bond lengths that are pointing more in
directions parallel to the surface, or multiple (“m - 7" shake-up”) excitations
accompanying the 1s — " transitions.

in a similar way the structures labeled 5 and 6 in fig. 7 can be interpreted.
Whereas structure 6 hardly shows any angular dependence, the intensity of struc-
ture S is slightly enhanced for grazing incidence. Features in the energy range
above 300 eV can be assigned to higher 0" resonances which occur predomi-
nantly in aromatic systems. The widths (and the small angular dependence of
feature 5) are consistent with such an assignment because perylene has many dif-
ferent 6~ orbitals of different symmetry.

The above interpretation in terms of transitions to n"or " orbitals of local C-C
bonds of either more single or more double bond character, however, is question-
able, although it follows the common argumentation in literature. In crystalline
perylene several different C-C bond lengths exist between 1.37 and 1.48 A [33]
which covers a considerable range between a pure single (1.54A) and a pure dou-
ble (1.33A) bond length. Thus it does not make sense to attribute the observed
distinct NEXAFS peaks to transitions of certain local bonds. Rather one should
consider the entire system of unoccupied orbitals, their symmetry and energy
positions in the presence of core holes, and the corresponding transition probabil-
ities. Since reliable information of this kind can only be expected from detailed
calculations which are not yet available, we have tried the conventional assign-
ment here.

5. CONCLUSIONS

In conclusion, we have demonstrated that reliable angle-dependent NEXAFS
spectra of an insulating organic single crystal such as o-perylene can be obtained
if sample charging is appropriately compensated. This was achieved by electrons
emitted from a hot filament placed near the sample or from an electron floodgun.
Further, measures against sample charging basing on an enhancement of the elec-
trical conductivity of the sample (e.g. by thermal and by photoinduced charge
carrier generation) were shown to be successful. Moreover, it has been demon-
strated that the degree of charge compensation obtainable is sufficient to even
allow taking high-resolution NEXAFS spectra by the partial yield technique. We
were not able, however, to obtain ARUPS spectra with sufficient resolution and
reproducibility. For both techniques the charging effects and the influence of the
various compensation methods were studied and discussed in some detail. The
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different success of NEXAFS as compared to ARUPS measurements can be
rationalized as being due to the different type of recording techniques. In contrast
to charging, radiation damage and normalization problems could be handled
fairly easily.

The NEXAFS structures obtained could be interpreted in some detail. 1s —
n'as well as Is — G transitions could be identified unambiguously, whereas the
tentative assignment of the peaks above 290 eV has to remain preliminary
because sufficiently reliable model calculations are lacking at present. The
occurrence of several n*peaks is plausible, but the strong splitting (> 1 V) of the
two major components is apparently unique for the crystalline state, as it is not
found for oriented perylene layers. The strong angular (polarization) dependence
of the 11" features could be evaluated quantitatively yielding an average inclina-
tion angle of the molecular plane with respect to the surface of 85° + 5°, in per-
fect agreement with the results of an X-ray crystal structure analysis.

The results presented indicate that the NEXAFS technique is extremely useful
for the investigation of vacuum-deposited (ultra) thin films of big aromatic mole-
cules. For instance, it can be utilized to find the (average) orientation of mole-
cules in textured or microcrystalline layers, or to determine the orientation of
epitaxial layers. Moreover, the splitting of the &* peaks can probably be used to
monitor the crystallinity of perylene and other similar thin films. In addition, it
may be expected that the comparison of monolayer with single crystal NEXAFS
results will lead to a detailed understanding of the geometric and electronic prop-
erties of the interface between organic substances and inorganic substrates. This
is the subject of a separate paper on vacuum-deposited thin films of perylene and
perylene-tetracarboxylic-dianhydride (PTCDA) on Si(111) [23].
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