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Polyphenylsilole multilayers – an insight from
X-ray electron spectroscopy and density
functional theory†

Katharina Diller,‡*a Yong Ma,§b Yi Luo,b Francesco Allegretti,a Jianzhao Liu,c

Ben Zhong Tang,c Nian Lin,*d Johannes V. Bartha and Florian Klappenberger*a

We present a combined investigation by means of X-ray photoelectron spectroscopy (XPS) and near-edge

X-ray absorption fine-structure (NEXAFS) spectroscopy of condensed multilayers of two polyphenylsiloles,

namely hexaphenylsilole (HPS) and tetraphenylsilole (TPS). Both compounds exhibit very similar

spectroscopic signatures, whose interpretation is aided by density functional theory (DFT) calculations.

High-resolution XPS spectra of the Si 2p and C 1s core levels of these multilayers indicate a positively

charged silicon ion flanked by two negatively charged adjacent carbon atoms in the silole core of both

molecules. This result is corroborated quantitatively by DFT calculations on isolated HPS (TPS)

molecules, which show a natural bond orbital partial charge of +1.67 e (+1.58 e) on the silicon and

�0.34 e (�0.58 e) on the two neighbouring carbon atoms in the silole ring. These charges are

conserved in direct contact with a Cu(111) substrate for films of submonolayer coverage, as evidenced

by the Si 2p XPS data. The C K-edge NEXAFS spectra of HPS and TPS multilayers exhibit distinct and

differing features. Their main characteristics reappear in the simulated spectra and are assigned to the

different inequivalent carbon species in the molecule. The angle-dependent measurements hardly reveal

any dichroism, i.e., the molecular p-systems are not uniformly oriented parallel or perpendicular with

respect to the surface. Changes in the growth conditions of TPS, i.e., a reduction of the substrate

temperature from 240 K to 80 K during deposition, lead to a broadening of both XPS and NEXAFS

signatures, as well as an upward shift of the Si 2p and C 1s binding energies, indicative of a less ordered

growth mode at low temperature.

1 Introduction

Polyphenylsiloles are a group of organic compounds containing
a silacyclopentadiene (silole) core which is attached to a varying
number of phenyl rings. Compared to cyclopentadiene and hetero-
cyclic compounds such as pyrrole, furan, or thiophene the silole core
features a characteristic low-lying LUMO (lowest unoccupied mole-
cular orbital) level,1 i.e., it has high electron-accepting properties.

Siloles are known for their photoluminescence properties, which
make them ideal candidates for use in organic light emitting diodes
(OLEDs) or photovoltaics.2 Of special importance is hereby the fact
that, at variance with other compounds, they do not suffer from
aggregation quenching, i.e., the quenching of light emission when
progressing from the solvent to solid state.

In contrast, enhanced light emission was found for aggregated
siloles,3,4 which can not only be exploited in opto-electronic
devices, but also in chemical or biomacromolecular sensors.2

One of the first synthesized siloles is 1,1,2,3,4,5-hexaphenylsilole
(HPS)5 (Fig. 1a), where each atom in the silole core is connected
to at least one phenyl ring. It has attracted interest as it could
be shown that HPS-based OLED-devices are very efficient.6,7

Inherently, those studies focused on determining the fluores-
cence quantum yields of HPS films,8 the charge carrier transport
properties9 and the position of the HOMO and LUMO levels.
Until recently, there were surprisingly no reports on core-level
spectroscopy of HPS films. In ref. 10 we used X-ray photoelectron
spectroscopy (XPS) to follow the temperature-induced bond
cleavage of HPS adsorbed onto Cu(111), but never performed a
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full spectroscopic analysis of the compound itself. Here, we
characterise in vacuo deposited HPS multilayer films using XPS
and near-edge X-ray absorption fine-structure (NEXAFS) spectro-
scopy measurements, complemented by density functional theory
(DFT) simulations.

Using XPS and DFT we show that the silole core exhibits a
positively charged silicon ion surrounded by negatively charged
carbon species. A second polyphenylsilole, namely 1,1,3,4-tetra-
phenylsilole (TPS, Fig. 1b) possesses very similar properties
indicating that this intramolecular charge distribution is a
generic characteristic of silacyclopentadiene in polyphenyl-
siloles, regardless of the number of attached phenyl rings. In
the second part of the study the NEXAFS signatures of HPS and
TPS are assigned by using DFT. Polarization-dependent NEXAFS
measurements do not show any dichroism for both multilayered
samples, indicating that the molecular p-systems are not uni-
formly oriented parallel or perpendicular with respect to the
surface.

2 Experimental and
computational details
2.1 Experimental

The experimental data were obtained at the synchrotron BESSY-II
in Berlin at the undulator beamlines U49/2 PGM-1 (HPS) and
U49/2 PGM-2 (TPS), which provide beams with high flux and good
energy resolution (typical resolution of the setup is 0.10 to
0.15 eV). All experiments were performed in a custom-designed
ultrahigh vacuum chamber with base pressure in the high
10�11 mbar regime, equipped with a hemispherical electron energy
analyser (SPECS Phoibos 100 CCD), a partial yield detector, and all
ancillary facilities for sample preparation and characterisation.

The polyphenylsilole multilayers were grown on a Cu(111)
single crystal whose surface was prepared by repeated cycles of
Ar+ and Ne+ sputtering at 1 keV and subsequent annealing at
720 K. The HPS and TPS molecules were deposited by organic
molecular beam epitaxy from a boron nitride crucible held
at 380 K onto the substrate which was kept at 80–240 K. Prior
to the experiments the molecules were degassed in vacuo by
heating them up for several hours.

All XPS measurements were performed in a grazing inci-
dence (71) – normal emission geometry; a photon energy of

199 eV was used for Si 2p and 385 eV for the C 1s measurements.
Binding energies were either referenced against the Cu 3p3/2 line
(at 75.1 eV (ref. 11)) or the Fermi-edge of the substrate. After
subtracting a linear background from the raw data, the spectra
were fitted using Voigt curves.

NEXAFS data were taken in the partial electron yield (PEY)
mode with a retarding voltage of �30 V for the Si L-edge and
�200 V for the C K-edge. The incidence angle y between the
surface normal and the electric field of the linearly polarised
light was varied from 71 to 901 by rotating the sample with respect
to the incoming beam. After calibrating the photon energy scale,
the signal of a bare Cu(111) crystal was subtracted from the
sample spectrum, followed by a correction for the photon flux
and a normalization of the edge jump to one (ref. 12).

2.2 Computational

The geometric structures of HPS and TPS were optimised at the
DFT level using the B3LYP13 functional and the 6-31g basis set
by using the GAUSSIAN09 package.14 The optimised geometries
of these two molecules are shown in Fig. 1. Based on the
optimised structures, C K-edge and Si L-edge XPS and NEXAFS
spectra were calculated at the DFT level by using the StoBe
program.15 The ionisation potentials (IPs) of the non-equivalent
atoms were calculated as the energy difference between the
core-ionised and ground states (GS) from the DKohn–Sham
(DKS) scheme.16,17 The core-ionised states were approximated
by the full core hole states (FCH). Then the XPS spectrum was
obtained by weighted broadening of all the IPs with a Lorentzian
function, whereby a full-width-at-half-maximum (FWHM) of
0.3 eV was used for XPS. The NEXAFS spectra were also calcu-
lated within the FCH approximation. The absorption oscillator
strength for transition i - f is given by

Iif ¼
2meif
3�h2

X

q¼x;y;z
cf qj jcih ij j2 (1)

where ci,f denotes the two molecular orbitals involved in the
transition, eif represents the corresponding orbital energy differ-
ence, and the summation over x, y, and z components accounts
for the random orientation of molecules, i.e., the magic angle
of 551 in the measurement. Raw spectra were calibrated by
the accurate energy value for the excitation from the 1s to
LUMO transition. The calibrated discrete line was convoluted
by Lorentzian functions with a FWHM of 0.6 eV below the IP.
The Stieltjes imaging (SI)18–20 method was applied to obtain the
photoionisation cross-section in the continuum region. For the
Si L edge, in particular, the spin–orbit split 2p1/2 and 2p3/2

components were approximately simulated by the calculated
spectra of 2px,y,z with energy splitting of 0.6 eV and an intensity
ratio of 1 : 2 (cf. ESI†). For the simulation of the spectra the
exchange and correlation were described by the gradient corrected
BE8821 and PD8622 functionals. In the computation, we employed
a double basis set technique,23 in which the triple-z quality
individual gauge for localized orbital (IGLO-III) basis set24

was used for the excited atom, and the triple-z plus valence
polarisation (TZVP) basis set was used for the rest of the atoms.

Fig. 1 Optimized geometries of (a) hexaphenylsilole (HPS) and (b) tetra-
phenylsilole (TPS). The silicon atom is marked by an arrow.
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To enable a direct comparison with the experiment, the energy
scale of the simulated XPS and NEXAFS spectra was rigidly
shifted (by 0.3 eV for C, 1.5 eV for Si of HPS, and 0.5 eV for Si of
TPS) to match the position of the measured curves in Fig. 2, 4, 5,
and Fig. S1 (ESI†).

Partial charges displayed in Fig. S2a and b (ESI†) were
evaluated using the Mulliken25 partitioning scheme. As the
Mulliken analysis is known to be sensitive to the choice of the
basis set,26 for both compounds we additionally performed
Natural Bond Orbital (NBO)27 calculations as implemented in
GAUSSIAN09.14 All values are displayed and listed in the ESI.†

3 Results and discussion
3.1 XPS

X-ray photoelectron spectroscopy was used to characterise
the polyphenylsilole multilayers with elemental and chemical
sensitivity. In particular, XPS is perfectly suited to study the
number and type of chemical species present in the sample,
thanks to the known relationship between the measured binding
energies and the oxidation state of silicon atoms28,29 in different
compounds. Thus, the growth of HPS (Fig. 2a) at 240 K on Cu(111)
was monitored by XPS (Fig. 2c–h) in the Si 2p (left panel) and C 1s
(right panel) regions. The Si 2p region of a HPS multilayer (Fig. 2c)
shows a well-resolved Si 2p spin–orbit doublet (blue curves) with
individual components centred at binding energies of 100.7 eV
(2p3/2) and 101.3 eV (2p1/2) respectively.

These energies lie well above the values for neutral bulk
silicon (EB(2p3/2) = 99.4 eV in ref. 11 and 99.6 eV in ref. 30), but
agree well with that of, e.g., the Si+ ion in SiC (100.6 eV,31 Si 2p3/2),
thus pointing towards a positively charged silicon atom in the
silole core. Our finding for HPS is therefore well in line with other
organosilicon compounds where Mulliken charge analysis calcu-
lations predict a positive partial charge on the silicon.32,33 For
coverages in the sub-monolayer regime the Si 2p doublet is
shifted by 0.3 eV to lower binding energies (Fig. 2g, green curves),
which we attribute to a final-state effect arising from the polar-
isation screening of the core hole by electrons from the Cu(111)
substrate.34 Thus, the Si+ state of the molecules is retained even
for submonolayer coverages of HPS, likely because the adsorption
geometry of the pristine molecule prevents a direct contact of the
silicon ion with the Cu(111) substrate.10 Correspondingly, the
spectrum of a sample with a coverage of approximately 1.5 ML
can be fitted with two doublets, reflecting the first and second
layer contributions (Fig. 2e).

To get more quantitative information on the Si+ state we
additionally conducted DFT calculations on an isolated HPS
molecule. The NBO (Mulliken) partial charge analysis of the
silole core (Fig. 3a) does indeed find a positive charge of +1.67 e
(+1.06 e) located at the silicon atom, which is in excellent
agreement with what could be predicted from the experimental
binding energies (according to ref. 35 and 36).

As to the C 1s region, the spectrum of the HPS multilayer
(Fig. 2d) is dominated by a broad peak at 284.9 eV (grey striped
component) which exhibits a small shoulder at lower binding

energies (284.0 eV, orange component). The binding energy of
the main peak is typical for carbon in conjugated environments
(e.g., 284.7 eV for phenylacetylene,37 285.1 eV for benzene,38

285.1 eV for polyphenyl-dicarbonitrile,34 and 285.0 eV for
phenyl rings attached to porphyrin macrocycles39) and is there-
fore assigned to signals from the carbon atoms in the phenyl
rings. The shoulder clearly pertains to a different species. The
comparison to the binding energy of carbon in SiC (283.1 eV31)
suggests, consistent with the Si 2p data, slightly negatively
charged carbon atoms are present in the silole core. The intensity
ratio between the main peak and the shoulder in Fig. 2d lies
between 17 : 1 and 29 : 1 (depending on the fit), indicating that
two of the 40 carbon atoms carry a negative partial charge. The
partial charge analysis confirms that indeed the two carbon
atoms bonded to the silicon in the silole core (labelled as C1
and C2 in Fig. 2a) are slightly negatively charged (�0.40 e
according to DFT). The good agreement between the multilayer
data in Fig. 2d and the simulated C 1s XP spectrum of an isolated
HPS molecule (2b) corroborates our peak assignment. Similarly
to the Si 2p region the submonolayer spectrum (Fig. 2h) is shifted
downwards with respect to that of the multilayer. Additionally,
the shape of the main peak changes slightly and broadens

Fig. 2 Si 2p (left panel) and C 1s (right panel) XPS spectra of HPS.
(a) Structural formula of HPS. The binding energy position of the Si 2p
doublet for both HPS multilayer (c) and submonolayer (g) films is typical for
the presence of Si+ ions (see also calculated partial charges in Fig. 3a). The
agreement between calculated (b) and experimental (d) C 1s spectra of the
multilayer corroborates the assignment of the low energy contribution
(orange) to C–Si bonds. The position of the low-energy feature points to
partially negatively charged C1/C2 carbon atoms. The interaction with the
surface leads to a change in the spectral shape (indicated by a fit with an
additional phenyl component) for the lower coverages shown in (f) and (h).
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(illustrated by fitting with one additional component), which
might be the consequence of different adsorption geometries
(as described in ref. 40).

In the same way the smaller TPS molecule (Fig. 4a) was
characterised: the Si 2p region of a TPS multilayer grown like
HPS on the Cu(111) substrate kept at 240 K (Fig. 4c) shows a
clearly separated spin–orbit doublet with individual compo-
nents at 100.4 eV and 101.0 eV, respectively. The corresponding
C 1s region (Fig. 4d) is very similar to that of HPS, but with
a more pronounced shoulder (orange component). Following
the same arguments presented for HPS, we conclude that the
silicon atom is in a Si+ state, while the two adjacent carbon
atoms (C1/C2 in Fig. 4a) carry a negative charge. Indeed, the
DFT NBO (Mulliken) analysis (Fig. 3b) reveals partial charges of
+1.58 e (+0.96 e) (Si) and �0.58 e (�0.48 e) (C1/C2). The only
relevant difference between the spectra of HPS and TPS, namely
the decreased main peak to shoulder ratio (15 : 1) for the C 1s
TPS spectra, is related to the smaller number of phenyl carbon
atoms present in TPS. Even when changing the growth conditions
(evaporation on a sputtered, non-annealed Cu(111) surface kept
at 80 K), no new distinct features appear in the XPS spectra
(Fig. 4e and f). We, however, observe a general broadening of all
spectral features, as well as a slight upward shift of the C 1s curves,
indicating less ordered layers with, presumably, molecules
embedded in slightly different environments. The disentanglement

of the spectra is non-trivial. While it would be possible to fit the Si
2p data with two sets of doublets (not shown), the C 1s spectrum
would require the inclusion of a large amount of inequivalent
chemical species and further reliable analysis is hampered.

3.2 NEXAFS

To gain more insight into the electronic structure and molecular
orientation of HPS and TPS we conducted additional NEXAFS
experiments and calculations at the C K-edge (Fig. 5) and the Si
L-edge (Fig. 6 and ESI†). Measurements were conducted at two
different orientations of the light electric field relative to the
surface normal (71 and 901). By making use of the fact that the
intensity of the absorption spectra depends on the angle between
the polarisation vector of the linearly polarised light and the final
state orbital41 it is possible to draw conclusions on the orienta-
tion of the molecules with respect to the surface. The number
and position of peaks in the measured carbon spectra are nearly
identical for HPS (Fig. 5b) and TPS (Fig. 5c): The dominating
resonance at 285.1 eV (II) is preceded by a weaker feature (I) at
283.7 eV and followed by a double structure at higher photon
energies (III, IV). II is typical for benzene resonance,42 which is
to be expected due to the presence of phenyl rings in our
compounds. Peak I, however, is absent in the spectrum of benzene,
and is therefore assigned to an excitation from the silole ring.

The peak assignment is confirmed by our DFT simulations
resulting in the spectra of Fig. 5a and d. The good agreement
between the experimental and theoretical curves directly allows
an assignment of the observed features. The simulated
C K-edge spectrum of HPS (Fig. 7a, black continuous line)
reveals that even the asymmetric shape of peak II is reproduced

Fig. 3 Simulated NBO partial charges located at the individual atoms of
the optimised geometries of (a) HPS and (b) TPS. Blue indicates positive
and red negative charges. The most distinct feature, the clearly positive
Si ion in the silole core which is flanked by negatively charged C atoms,
of both molecules is in agreement with the binding energy positions of the
Si 2p doublet and the C 1s low-energy shoulder (cf. Fig. 2 and 4).

Fig. 4 Si 2p (left panel) and C 1s (right panel) XPS spectra of TPS multi-
layers (Z3 layers) grown at different substrate temperatures. (a) Structural
formula of TPS. (b) Simulated C 1s spectrum. For temperatures close to
room temperature (240 K) the shapes of both Si 2p (c) and C 1s (d) spectra are
similar to those of HPS. Deposition at lower temperatures (e and f) leads to a
general broadening of the spectroscopic features, indicating the presence of
more than one distinct silicon species.
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by the simulation: the main peak is accompanied by both a low-
energy shoulder and a higher-energy feature. The latter, however,
appears as a shoulder in the experiment, but as a single feature in
the simulation. The first peak (I) arises solely from the transition
of the 1s states of C1 atoms (green dashed curve in Fig. 7a) of the
silole core to the LUMO, which is mainly located at the silole ring,
but also has contributions at the phenyl legs (Fig. 7c, inset).
The main feature of the C1 spectrum (Fig. 7c) resembles that
of benzene,43 but is shifted to lower energies, mostly due to the
lower lying 1s orbital of C1 which is reflected in the corresponding
XPS peak position. Even though the silole atoms contribute, all
other features are dominated by the phenyl contributions due to
their relatively large number. It should be noted that the structure
of the individual spectra of different carbon atoms mainly
depends on the position of this atom in the respective subunit
(indicated by arrows, circles and squares in Fig. 7), while the
energy offset of the spectrum depends on the proximity to the
silicon atom. As a general remark, the vanishing dichroism for
both molecules rules out a layer-by-layer growth with exclusively
flat (conformation A in ref. 40) or perpendicular silole cores and
phenyl legs. However, the slightly different dichroism for peaks I
and II might point towards an ensemble of ordered, albeit tilted

molecules (e.g., conformation B in ref. 40) rather than a purely
random distribution, but the effect is so small that the issue
cannot be conclusively addressed. Generally, the simulated curves
in Fig. 5a and d agree very well with the corresponding experi-
mental data, confirming that the recorded spectra truly reflect
the polyphenylsiloles’ spectral signatures in the multilayer and
are barely influenced by molecule–molecule or even molecule–
substrate interactions.

The Si L-edge spectra of HPS (Fig. 6a) and TPS (Fig. 6b)
exhibit two main features V and VI. Moreover, for both molecules
a substructure is present, which is reproduced by the calculation
either as asymmetry in the main peaks V and VI (Fig. S1b, ESI†) or
as a distinct splitting of feature V (Fig. S1d, ESI†). Even assuming
a single silicon species in a well-defined chemical environment
(as shown by XPS) the interpretation is not entirely straight-
forward as we have to account for spin–orbit splitting at the
L-edge which is not present at the K-edge. The DFT code we
employed does not account for spin–orbit splitting, thus our
simulation of the Si L-edge is an approximation (see also ESI†)
which makes use of the typical value for spin–orbit splitting
derived from experiments of organosilicon compounds (0.63 eV
for methylsilane44 and 0.6 eV for silicon oxide45).

The more intense feature located between 104 and 109 eV
(VI) is present in the NEXAFS L-edge spectra of various organo-
silicon compounds and was assigned to sSi�C* and sSi�O*
transitions by Urquhart and co-workers.46 For the compounds
discussed in ref. 46 and 47 structure V (100.5–104 eV) is
not present at all for the methyl-silicon compounds, while
it is observed for compounds containing Si–phenyl bonds.
Consistently, the latter were assigned to pSi�Ph* transitions.46

The simulated Si L-edge NEXAFS data for HPS show that peak V

Fig. 6 Experimental Si L-edge spectra of HPS (a) and TPS (b) multilayers.
Both molecules exhibit similar spectroscopic signatures, i.e., the number
and position of resonances are nearly identical. Some minor differences
(see zoom-in shown in insets) might be related to different substrate
temperatures during growth (240 K for HPS and 80 K for TPS), in agree-
ment with the XPS data. Simulated spectra can be found in the ESI.†

Fig. 5 Experimental and simulated NEXAFS C K-edge spectra of HPS
(a and b) and TPS (c and d) multilayers. Both molecules exhibit similar
spectroscopic signatures, i.e., the number and position of resonances are
nearly identical. For disentanglement of spectral signatures, see also Fig. 7.
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is mainly composed of 2p to LUMO+1 and 2p to LUMO+2
transitions. The low-energy shoulder of peak V originates from
the transition from 2p to LUMO. The strong resonance labelled
VI is mainly attributed to 2p to LUMO+13 transition.

For TPS the DFT results show that the split peak V can be
assigned to the transitions of 2p to LUMO and 2p to LUMO+2.
The resonance VI mainly originates from the 2p to LUMO+11
transition. It has to be noted that the experimental spectra of
TPS show less sub-structures, even though the general shape is
close to that observed for HPS. This can be easily explained by
the fact that the TPS multilayer was grown at lower tempera-
tures (80–240 K) on a non-annealed substrate, therefore leading
to less ordered films with slightly inequivalent species due to
the modified chemical environment (as shown by XPS). This
seems plausible as it is known that even inert substrates such
as Au(111) can influence the first layer of molecules in such a
way that a highly-ordered multilayer growth is hindered.48 The
angular dependence of the spectra is similar for both molecules

and seems to be slightly different from that of the carbon
region. However, we refrain from discussing in more detail the
angular dependence in the silicon region, as the recorded PEY
signal is very small at the Si L-edge compared to the background,
and the data processing proved to be non-trivial.

4 Conclusions

We employed two different experimental X-ray electron spectro-
scopy methods, namely XPS and NEXAFS, in conjunction with
DFT calculations to characterise the polyphenylsilole molecules
HPS and TPS, which consist of a silole ring attached to, respec-
tively, six and four phenyl groups. The simulation of XP and
NEXAFS spectra showed for both molecules a very good agree-
ment with the corresponding measurements of HPS and TPS
multilayers, underlining that in the thick layers the molecule–
molecule interactions are weak. This allows us to gain informa-
tion on the electronic state of pure compounds. For both
molecules the position of the Si 2p XPS spin–orbit doublet
is typical for silicon in a formal Si+ state. The appearance of a
low-energy shoulder in the C 1s measurements points to the
existence of negatively charged carbon atoms. These conclusions
are confirmed by the DFT results using both Mulliken and NBO
charge partitioning, which clearly show that in both compounds
the silicon ion in the silole core carries a positive partial charge,
whereas the adjacent carbon atoms are negatively charged.
NEXAFS C K-edge measurements and simulations show a
benzene-like spectrum with additional silole contributions at
lower photon energies. The Si L-edge spectrum is characteristic
of the molecules and can be separated into two structures
containing pSi�Ph* and sSi�C* contributions. Similar to the
XPS fingerprint, the NEXAFS signatures for the two compounds
are also very similar. Given the localized nature of the probed
core levels, the lack of dependence of the photoelectron spectra
on the number of attached phenyl rings is not surprising. For
NEXAFS, in principle this does not need to be the case, as a
modification of the compound may lead to additional final
states, which would then appear as additional resonances in
the spectrum. Our data, however, show that this is not the case
for HPS and TPS, and that increasing the number of attached
phenyl groups does not change the principal electronic structure.
The weak angular dependence of the NEXAFS spectra for both
molecules and regions rules out a layer-by-layer growth with
exclusively flat or upright silole and phenyl groups. Changes in
the growth conditions of TPS, i.e., the change of the substrate
temperature from 240 K to 80 K during deposition, lead to a
broadening of both XPS and NEXAFS signatures, indicative of a
less ordered growth mode.
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