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Abstract

The adsorption of one monolayer of 1,4,5,8-naphthalene-tetracarboxylicacid-dianhydride (NTCDA) on the
Ag(111)-surface was studied using the normal incidence X-ray standing waves (XSW) technique. Results regarding
two key-issues are presented: Most prominent, the precise adsorbate-substrate bonding distance could be evaluated
t03.02 £ 0.02A (for the “relaxed monolayer”-structure). This value is significantly smaller than a van der Waals bond-
ing distance and clearly indicates the chemisorptive bonding character. Concordant results were obtained from both O
Is photo- and O KLL Auger electron emission. This was enabled by the development of a data analysis procedure—the
second issue addressed—which takes into account non-dipolar contributions to the photoemission as well as electron-
stimulated Auger excitations. The latter effect adds a fraction to the total Auger yield being as high as 50% and hence
may be important for any XSW study using Auger signals.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Organic molecules of sufficiently small size tend
to a pronounced ordering when they are deposited

— . on atomically smooth substrate surfaces. A deci-
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weak chemisorption is a pre-condition for obtain-
ing a long-range ordered overlayer, but within
these premises still a very wide spectrum of differ-
ent adsorption behaviors are found. In the case of
a very weak adsorbate—substrate interaction—i.e.,
physisorption—the molecule-molecule interaction
plays the dominant role, and the substrate affects
just as a flat support. The growth properties thus
often reflect the properties of the organic bulk
material. In contrast, for a system with chemi-
sorption the adsorbate—substrate interaction is
dominant. In many cases the adsorption is very
site-specific which leads to an imposition of the
substrate structure upon the adsorbate. While
basic structural properties like the size of the unit
cell are—in principle—easily detectable by, e.g.,
low energy electron diffraction or scanning tunnel
microscopy, a detailed structural analysis of the
adsorption site and the bonding character of large
organic adsorbates on inorganic substrates is diffi-
cult, and with very few exceptions, no precise geo-
metrical parameters are available so far. However,
such data, especially the molecule-substrate dis-
tance, would be very useful, on the one hand for
a basic understanding of the system, and on the
other hand for a comparison with theory or as a
starting point for calculations.

For filling this “knowledge gap” a very precise
structural probe is necessary which allows to meas-
ure changes in atomic distances with sub-Ang-
strom resolution. The X-ray standing waves
(XSW) technique is well suited for this purpose
and gives precise atomic locations of particular
species at surfaces, within self-organized monolay-
ers as well as in buried layers (see, e.g., [1,2] and
references therein). When atoms or (very) small
molecules occupy only one adsorption site, a full
site determination can be obtained by triangula-
tion. For multiple-site adsorption additional infor-
mation from other experimental or theoretical
techniques is required. In favorable cases an
adsorption site determination is also possible for
larger organic molecules, as recently demonstrated
for end-capped quaterthiophene (EC4T) adsorbed
on Ag(111) [3]. For larger molecules, especially
when not enough structural information is availa-
ble beforehand, triangulation is impossible, since,
e.g., the atomic species may occupy too many dif-
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ferent sites. However, in the case of flat molecules
which often adsorb in a planar orientation with re-
spect to the substrate, it is at least possible to ob-
tain the vertical molecule-substrate distance, which
actually is the most important information for
judging the bonding configuration.

In this paper the precise adsorbate—substrate
bonding distance is determined for a large, planar,
n-conjugated, organic molecule which contains
only carbon and oxygen atoms. This result was ob-
tained from normal incidence XSW (NIXSW)
measurements on a monolayer of 1,4,5,8-naphtha-
lene-tetracarboxylicacid-dianhydride  (NTCDA,
C1406H,4) adsorbed on Ag(111) in two different,
highly-ordered superstructures—a commensurate
“relaxed”” and a more densely packed, incommen-
surate “‘compressed” structure, consisting of two
and four flat-lying molecules per unit cell, respec-
tively (for details see [4]). Methodical difficulties
of XSW—non-dipolar effects in the photoemission
and secondary excitation channels for the Auger
process—are also addressed and a possibility to
cope with them is shown.

2. The XSW-technique

When the incident X-ray beam fulfills the Bragg
condition for an H = (hkl) Bragg reflection of the
substrate single crystal, the incident and Bragg-re-
flected X-rays interfere to produce a standing
wavefield perpendicular to the Bragg planes with
the periodicity of the corresponding Bragg plane
spacing dy. In an XSW scan the photon energy
or the angle of incidence is varied around the
Bragg-condition, which shifts the phase of the
standing wave-field relative to the (hkl)-planes by
half of the lattice spacing. Monitoring the X-ray
absorption of the atoms of interest during such
a scan yields their spatial distribution relative
to the Bragg planes with an accuracy of up to
~0.02A. Usually the X-ray absorption is moni-
tored by recording the photoemission, Auger emis-
sion or X-ray fluorescence yield, but also photon
stimulated ion desorption can be used [5]. In
NIXSW the Bragg angle is fixed to 90° while the
photon energy is varied. This minimizes the influ-
ence of crystal imperfections; therefore the method
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becomes applicable to nearly all single crystal
substrates.

One of the key aspects in the data evaluation of
NIXSW (and XSW) is the way how the X-ray inten-
sity at the location of an atomic species is monitored.
Since the recorded absorption yield is proportional
to the X-ray intensity at the position of the absorb-
ing atomic species, it can be described by [1,2]

2nPH

I(E):1+R+2\/I_2FHCOS(<P+ y ) (1)
H
where FE is the photon energy, I(E) the normalized
absorption yield, R= R(E) the reflectivity, and
® = ¢(E) the phase of the standing wavefield.
The coherent position P™ and the coherent frac-
tion F! are the structural parameters that can be
determined by a fit to the measured data. P™ and
F* are correlated with the position and the distri-
bution, respectively, of the atomic species relative
to the H = hkl plane of the Bragg reflection with
lattice spacing dy.

Since the photoemission process can only be in-
duced by photons, it is a direct monitor of the X-
ray absorption of surface atoms. However, it has
been shown that for light elements like C, N, and
O in particular, the usually applied dipole approx-
imation is not sufficient to interpret the NIXSW
data correctly [6]. When non-dipolar terms are
considered the photoemitted intensity depends on
the direction of the incident photon beam, i.e., in
general, the incident and reflected beam do not
contribute equally to the measured photoelectron
yield. Since the ratio of amplitudes of incident
and reflected beam varies over the XSW curve
(the reflected beam is only present within the Dar-
win-width of the Bragg reflection), the shape of the
XSW photoemission profile is altered by non-dipo-
lar contributions in a non-linear way. This effect
can be taken into account by introducing addi-
tional correction parameters [7]. For emission
from an s-state one obtains [§]

1
I(E)=1 +R%+ 2VRFH
(1+ Q*tan?4)'"? 2nPH
=z O+ Y
X -0 cos + ¥+ dn

(2)

with the non-dipolar parameters Q, 4, and
¥ = tan~'(Qtan4) which take the magnetic dipole
and the electronic quadrupole contributions to the
photoelectron yield into account. For O 1s (and
also C 1s) these parameters were measured for
incoherent multilayer adsorbates [8,9] and calcu-
lated for free atoms [10]. However, since investiga-
tions which take non-dipolar effects into account
are rare, these parameters are not well established.
In particular, no measurement on a coherent
monolayer of organic molecules was reported so
far.

In order to bypass this difficulty other detection
channels like Auger- and fluorescence yield are
often considered as an alternative. These processes
have an angular distribution which is independent
of the photon energy and the direction of inci-
dence, but can also be stimulated by (photo-)elec-
trons emerging from the bulk [11]. The latter effect
has to be considered—for light elements in partic-
ular—because the electron-induced yield may al-
most equal the photon-induced one. This aspect
is subject of an ongoing discussion in the XSW-
community (see, e.g., Refs. [1,12,13] and references
therein). Using the system NTCDA/Ag(111) as an
example we will demonstrate that a good agree-
ment between the structural parameters (PH, FH)
derived from the photoemission and the Auger
yield, respectively, can only be obtained, when
non-dipolar contributions and electron-induced
Auger processes are considered. It should be
noted, that the effect of thermal vibration, i.e., a
Debye—Waller factor, was neglected in this discus-
sion. This effect directly affects the coherent frac-
tion [14]. However, neglecting the Debye—Waller
factor is justified in this case since its influence
on the geometric parameters is identical for photo-
electron and Auger emission.

3. Experimental

The measurements were performed at beamline
ID 32 of the European Synchrotron Radiation
Facility (ESRF) in Grenoble, France. This beam-
line, specially designed for surface studies, is
equipped with an UHV chamber containing a
hemispherical electron analyzer (CHA) (r=




150mm) with lens, a LEED optics, and facilities
for sample preparation. The CHA is placed in
the plane of the electric field vector at an angle
0 = 45° with respect to the incident X-ray beam.
All experiments and preparations were performed
at a base pressure below 5x107'° mbar. The
Ag(111) single crystal substrate was prepared by
repeated cycles of sputter-cleaning with 500eV
Ar-ions, followed by annealing at temperatures
up to 750K until the surface showed a high struc-
tural quality and no detectable contaminations.
This was monitored by LEED and XPS. After-
wards the NTCDA monolayer was prepared by
evaporating NTCDA from a Knudsen cell. Best
results were obtained by deposition of a multilayer
followed by subsequent thermal desorption until
the compressed and relaxed monolayer, respec-
tively, was observed by LEED (for details see [4]).

After preparation, NIXSW measurements were
performed using the Ag(111) reflection, the nor-
mal-incidence Bragg condition of which is fulfilled
at a photon energy of 2625e¢V. The O 1s photo-
emission and O KLL Auger yield was recorded.
The data and the corresponding best fit are shown
in Fig. 1 and discussed below. The figure also con-
tains the bulk absorption profiles, monitored by
the secondary background of inelastically scat-
tered Ag-substrate photoelectrons at energies
around the O Is and O KLL peaks, which were
used as a calibration for the photon energy and
the energetic broadening of the monochromator.

O OKLL

rel. absorption

[ substrate ] substrate

2 0 2 -2 0 2
photon energy rel. to Bragg energy (eV)

Fig. 1. XSW absorption profiles of a relaxed monolayer

NTCDA/Ag(111), evaluated from the O Is photoelectron

signal (left) and the O KLL Auger-electron yield (right).

Additionally substrate signals (background) are shown. The O

Is curve is fitted by Eq. (2), all other data by Eq. (1).

J. Stanzel et al. | Surface Science 571 (2004) L311-L318

For this purpose the coherent position was fixed
to the known bulk spacing d;;; = 2.36A during
the fit. If treated as a free parameter, structure
parameters of P'''=235+ 0.02A and F'''=
0.84 £ 0.03 were obtained. This confirms that the
background of inelastically scattered electrons
can be used as a monitor of the bulk absorption
profile [2]. The absorption profiles were fit by a
code [3] which was modified in order to consider
non-dipolar effects. During the measurements no
changes in the XPS spectra were observed that
would indicate radiation damage in the organic
layer.

4. Results

4.1. Correct treatment of PES and Auger XSW
data

The results of the NIXSW measurements on a
relaxed monolayer of NTCDA on Ag(111) are
shown in Fig. 1. A fit to the O 1s absorption profile
in dipol-approximation (use of Eq. (1)) yields a
coherent position P! =3.01(2) A and a coherent
fraction of F{|! = 1.05(16). The latter value indi-
cates, that non-dipolar effects cannot be neglected.
Employing Eq. (2) with the non-dipolar para-
meters evaluated by Lee et al. [8] (Q=0.26,
A=-0.33) results in values of PL\! =3.02(2)A
and F('! =0.59(11) (see also Table 1), i.e., the
coherent fraction is changed significantly whereas
the coherent position is hardly affected.

When the O KLL Auger yield is used, a com-
pletely different result is obtained, Ppl;,; =
2.60(3)A and Fy', =0.46(5). In Fig. 2 (left
Argand diagram) the positional parameters
are shown as complex (position-) vectors FH .
exp(2niP" /dy). Their lengths and phase-angles
correspond to the coherent fraction F*' and the
coherent position P, respectively. The vectors la-
belled ‘O 1s’ and ‘(O 1s).’ represent the O 1s result
with and without the use of non-dipolar correc-
tions, respectively. Even after the correction of
the O 1s result there is no agreement with the Au-
ger data (‘O KLL’). However, when the O KLL re-
sult is corrected as described below, the resulting
vector (O KLL).” does agree with the (corrected)
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Table 1
Structural parameters obtained from O 1s- and O KLL-NIXSW measurements
ML O ls O s corr.® O KLL O KLL corr.®
Relax. P''Y(A) 3.01(2) 3.02(2) 2.60(3) 3.03
Fi 1.05(16) 0.59(11) 0.46(5) 0.56
Comp. P (A) 3.08(3) 3.12(3) 2.64(3) 3.06
F' 0.98(3) 0.46(4) 0.45(4) 0.64
# Non-dipolar parameters: Q = 0.26, 4 = —0.33 [8].
® Electron-induced Auger transitions (¢ = 50%) considered.
/—
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© 1s), OKLL),

O KLL

Ag

(O 1s),

Ols

©

Fig. 2. Argand diagram for a relaxed (left) and a compressed (right) monolayer of NTCDA/Ag(111). Measured and corrected
position vectors evaluated from the O KLL (grey) and the O 1s (black) XSW signal are shown. The measured O KLL position vector
consists of adsorbate-like and bulk-like (‘Ag’) contributions. For the correction of the O KLL result an electron-induced portion of

a = 50% is assumed. Details are explained in the text.

photoemission-XSW result. The right part of Fig.
2 shows that the results obtained for the com-
pressed monolayer structure are quite similar to
those for the relaxed monolayer (see also Table 1).

What is the origin of the discrepancy between O
Is and O KLL XSW results? A core hole can be
excited by photons and also by electrons, for the
subsequent Auger decay this makes (nearly) no
difference. Therefore the O KLL-XSW signal has
two contributions, one originating from the pho-
ton-excitation which carries the structural infor-
mation from the oxygen atoms in the overlayer,
the other originating from the excitation by es-
cape-electrons from the bulk. The latter contribu-
tion is mainly caused by (inelastically scattered)
photoelectrons from the Ag substrate, which
therefore yields the structural signature of Ag
bulk-atoms in an XSW-scan. Thus, the measured
O KLL position vector is the normalized sum of
two vectors: Oxr L =a-Ag+ (1 —a) - O, where a
is the fraction of the electron induced Auger tran-

sitions, O and Xg are the position vectors of the
oxygen atoms (in the overlayer) and Ag atoms
(in the bulk), respectively. Since the bulk structure
is usually well known, Ag can be calculated (and
also measured) and thus the real Auger signal 0
can be evaluated, if the electron-induced portion
a is known. Even though this aspect has already
been addressed before (see, e.g., [12]) it is widely
ignored in recent publications. One exception is a
recent paper by Pacilé et al. [13]. In the present
example, a value in the range of a = 50%, which
is a result of a rough fit to the data, gives a good
agreement with the corrected photoemission re-
sults (see Fig. 2). We will argue in Section 4.3, that
this fit result appears to be realistic.

We would like to note that the excellent agree-
ment between the corrected O 1s and O KLL vec-
tors in the Argand diagram for both the relaxed
and the compressed adsorption states is a strong
indication that the presented approach is correct
since only one parameter, a, is required to bring



the four parameters of the Argand vectors (P* and
F for both states) into agreement with the corre-
sponding photoemission vectors. We further note
that the contribution of electron-excitation by sub-
strate photoemission to the Auger emission from
the adsorbate is particularly high for light-atom
adsorbates since, e.g., in the present case, the ki-
netic energy of the substrate photoelectrons
(~2250eV for Ag 3d and =2050/2020eV for Ag
3p) is about four times higher at the Bragg energy
than the binding energy of the O 1s level (534¢eV),
leading to a maximum of the cross-section of elec-
tron excitation (see also Fig. 3, left).

4.2. Chemisorption of NTCDAlAg(111)

In Table 1 the structural results are summa-
rized. In the case of the relaxed monolayer struc-
ture an excellent agreement can be obtained for
O KLL and O Is results. The adsorbate-substrate
distance is found to be 3.02(2) A, a value which lies
significantly below the expected distance of 3.38A
for a van der Waals-like bonding [15]. The bond
length for a direct covalent Ag-O bond (e.g., after
dissociation) would be 2.21 A. These numbers
prove, that the NTCDA molecule is not physi-
sorbed on Ag(111) (i.e., by a van der Waals-type
coupling) but rather that the adsorbate—substrate
bonding has a chemisorptive character. For the
compressed monolayer a similar behavior is found,
even though the agreement between the O KLL
and O 1s results is not as good as for the relaxed
monolayer. The average adsorbate—substrate dis-
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Fig. 3. The electron impact cross-section o (left) [17] and the
integrand of Eq. (3) (right) are plotted versus the electron
kinetic energy.
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tance is 3.09(4) A, and hence slightly larger than
for the relaxed monolayer. This finding might be
due to a larger distorsion of the molecule in this
adsorbate state as compared to the relaxed state.
The occurrence of distortion upon chemisorption
is rather likely as shown previously for the system
ECAT on Ag(111) [16].

4.3. Electron-stimulated Auger decays

Finally we show in the following, that the frac-
tion of electron-induced Auger processes in the
NTCDA overlayer is indeed in the range of 50%,
as experimentally derived from the correction of
the O KLL XSW results above. The ratio of the
total electron-induced Auger yield Iogyp . to the
photon-induced fraction Ik 4 can be written as

lokiLe _ f—éa(fk) Houk(Ex) dE;
[O KLL,Av IO KLL,Av
S 1Yy (Ey) AE
[ A 2 bulk( k) k
= ~0.43 3
cYois ’ 3)

where E; is the electron kinetic energy, Iy (Ex) is
the yield of electrons emerging from the substrate,
A=86.8A%is the area of a NTCDA molecule in
the relaxed monolayer-structure, which is known
from LEED and STM investigations [4], and
o(Ey) is the electron impact ionization cross-sec-
tion (see Fig. 3, left). The latter is calculated using
the formula of Gryzinski [17], which yields similar
results as alternative approaches [18]. The factor 6
considers the number of oxygen atoms per
molecule.

The key parameter in Eq. (3) is the yield of sec-
ondary electrons in the adsorbate layer Iy (Ex)
originating from the Ag substrate and its energy
distribution. Since it mainly consists of inelasti-
cally scattered electrons an isotropic angular distri-
bution is assumed. A factor of 1 must hence be
considered since only the electrons emitted to-
wards the surface pass the adsorbate layer, i.e.,
only half of the bulk-electrons possibly induce an
Auger emission from the layer. The second equal
sign in Eq. (3) is valid since the ratio of Iy, (Ex)
to I oxLL v can be replaced by the ratio of the cor-
responding measured quantities: Yy (Er), ob-
tained by a survey scan of the clean Ag(111)
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sample, represents the total electron yield emerg-
ing from the bulk. Yqi, is the integral intensity
of the O 1s photoemission peak of a monolayer
of NTCDA/Ag(111) and can be used as a measure
of the photon-induced O KLL Auger yield since a
decay of the core hole via fluorescence can be ne-
glected for light elements. Both measured electron
yields were normalized to the incident photon
intensity /y. Note that Iy, (Ex) and Io ks repre-
sent total electron yields, i.e., emission into all
directions (4m-emission) while Yy (Ex) and Yo s
consider only emission into the acceptance cone
of the analyzer since these are measured quantities.
Hence, an additional factor ¢ has to be introduced
to take into account that the O 1s photoemission
process is not isotropic. From geometric consider-
ations, the acceptance angle of the detector, and
the angular distribution of the photoelectron emis-
sion, this factor can be roughly calculated to
¢ = 0.6. It is mentioned that a possible (kinetic) en-
ergy-dependence of the detector sensitivity due to
a varying detector transmission is neglected since
it does not play a significant role.

The right part of Fig. 3 shows the energy
dependence of the integrand in Eq. (3) as product
of the electron impact ionization cross-section and
the electron yield emerging from the substrate,
normalized to the area of the molecule. Integration
and comparison with Iogpp sy results in an elec-
tron stimulated portion of the total Auger yield
of 30% (corresponding to the ratio Iokrre/
IokiLn = 0.43, see Eq. (3)). Note that this rough
estimate is a lower limit, because inelastic scatter-
ing processes from bulk electrons which pass the
adsorbate layer at a grazing angle and hence expe-
rience a much larger scattering and O 1s ionization
probability are largely underestimated by using
Eq. (3). We simulated this effect by a simple geo-
metrical model and found that the actual electron
stimulated fraction of the total Auger yield is 42%.
Therefore the value of 50% derived from the
NIXSW results appears to be realistic.

5. Summary

In summary, we have demonstrated that the
NIXSW method is able to provide consistent re-

sults from photoemission and Auger yields also
for large organic molecules with only light ele-
ments, when non-dipolar contributions to the pho-
toemission process and the electron-stimulated
portion of the Auger yield are considered. The re-
sults actually prove that by using an (uncorrected)
Auger emission as NIXSW monitor much larger
errors may be introduced as compared to the ne-
glect of non-dipolar contributions in photoemis-
sion, if the data are not properly corrected for
electron-induced Auger contributions due to bulk
photoemission. The amount of electron-stimulated
Auger excitations is estimated to 50% of the total
Auger yield in the present case. This approach
can also be considered to be a proof for the non-
dipolar parameters necessary to correct the photo-
emission data.

For the case of NTCDA on Ag(111) adsorb-
ate-substrate bonding distances of 3.02(2)A for
the relaxed monolayer and 3.09(4) A for the com-
pressed monolayer were found which indicate a
covalent character of the molecular adsorption.
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