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Milano, February 14™, 2022

Dear Editors,

please find enclosed the manuscript entitled “Phthalocyanine reactivity and interaction on the 6H-
SiC(0001)-(3x3) surface by core-level experiments and simulations”. The work is original and is not being
considered for publication elsewhere. All co-authors have seen and agree with the contents of the
manuscript and there is no competing financial interest to report. This manuscript is intended for the “New
Trends and Challenges In Low Dimensional Systems And Surface Phenomena” themed collection, a
Festschrift issue in honour of Professor Giorgio Benedek on the occasion of his 80th birthday, following the
invitation we received in June 2021.

SiC is a promising material for application in high-power and high-temperature device. As a wide
band gap semiconductor, SiC is transparent in visible light, can be used as transparent material for solar cell
application, and can be easily doped. It presents various surface reconstructions depending on the surface
stoichiometry, whose electronic properties are very sensitive to the environment. SiC also presents high
potential in hybrid organic-inorganic heterostructures. The adsorption of various molecules on the silicon
terminated 6H-SiC(0001)-(3x3) has been explored in the literature, showing formation of covalent bonds
with Si adatoms. Here we focus on phthalocyanine (H2Pc), a molecule widely investigated for its peculiar
properties in terms of optical absorption, conductivity and long live charge generation making it an active
actor in various application as solar cell applications and medicine.

We investigated the adsorption of H2Pc on 6H-SiC(0001)-(3x3) surface by X-ray photoelectron
spectroscopy (XPS), near edge X-ray absorption fine structure spectroscopy (NEXAFS), and density
functional theory (DFT) calculations. Experiments highlight the interaction of the molecules with the
surface, strongly depending on H2Pc coverage, taking place especially at the N atoms bonded to Si and
significantly affecting the electronic states of the 1t aromatic system testifying a remarkable reactivity.
Calculations show that the adsorption site for H2Pc proposed in the literature yields to N 1s spectra not
consistent with our measurements. We identify a more stable configuration where the molecule reacts at
the surface: upon loosing its central H atoms, it embeds a Si adatom, thereby forming silicon-
phthalocyanine (SiPc). That is stabilized by the surface and improves matching with measured spectra.

These results suggest the 6H-SiC(0001)-(3x3) as a candidate substrate for the on-surface synthesis
of SiPc molecules, belonging to the class of non-metal phthalocyanines These, although less common than
their metal analogues, are also synthesized for applications in various fields including cancer phototherapy,
NIR imaging, organic photovoltaics, organic electronics and photocatalysis. Our investigation therefore also
addresses the community interested in metal and non-metal substituted phthalocyanines and porphyrins,
and in their applications.

Sincerely,

Guido Fratesi (on behalf of all co-authors).

WW

guido.fratesi@unimi.it
Universita degli Studi di Milano, Dipartimento di Fisica “Aldo Pontremoli”,

Via Celoria 16, 20133 Milano, Italy
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The adsorption of phthalocyanine (HyPc) on the 6H-SiC(0001)-(3x3) surface is investigated using

X-ray photoelectron spectroscopy (XPS), near edge X-ray absorption fine structure spectroscopy
(NEXAFS), and density functional theory (DFT) calculations. Spectral features are tracked from the
submonolayer to the multilayer growth regime, observing a significant modification of spectroscopic
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signals at low coverage with respect to the multilayer films were molecules are weakly interacting.
Molecules stay nearly flat on the surface at the mono and submonolayer.
adsorption models, where the molecule binds by two N atoms to corresponding Si adatoms, do not

Previously proposed

reproduce the experimental spectra at the submonolayer coverage. We find instead that another
adsorption model where the molecule replaces the two central H atoms by a Si adatom, effectively
forming Si-phthalocyanine (SiPc), is both energetically more stable and yields in combination a
better agreement between experimental and simulated spectra. This suggests that 6H-SiC(0001)-
(3%3) surface may be a candidate substrate for the on-surface synthesis of SiPc molecules.

1 Introduction molecular adsorption. SiC has also demonstrated his high po-

tential for graphene growth with high quality at large scale0.
The electronic properties of SiC reconstructed surfaces are very
sensitive to their environment. Metallization of the 3C-SiC(100)-
(3 x 2) semiconducting surface has been performed via atomic hy-

SiC wide band gap semiconductor exists in more than 200 crystal-
lographic structures or polytypes. SiC presents wide band gap of
2.4-3.26 eV depending on the polytype, high thermal conductiv-
ity and high breakdown voltagel. Due to these outstanding elec-

tronic properties compared to silicon, SiC is a promising material
for application in high-power and high-temperature device?. As
a wide band gap semiconductor, SiC is transparent to visible light
and can be used as transparent material for solar cell applica-
tions®", Compared to other wide band gap semiconductors as
TiO; and ZnO, SiC can be easily n or p doped. SiC can also play
the part of active materials in p-n heterojunctions.

SiC presents also various surface reconstructions depending
on the surface stoichiometry@'@ which can act as a template for
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drogenation and negative differential resistance has been ob-
tain by Ag adsorption on atomic silicon wires on 3C-SiC(100)13.
Due to the high sensitivity of the electronic properties to the en-
vironment, SiC find also application as gas sensor’ and biosen-

SOIIE.

SiC also presents high potential in hybrid organic-inorganic
heterostructures. SiC surface functionalization has been investi-
gated and exhibits high potential for bio application as biosen-
sor617  Molecule adsorption on the silicon terminated 6H-
SiC(0001)-(3%3) has also been previously explored. It has been
demonstrated experimentally by scanning tunneling microscopy
(STM) and core level photoemission spectroscopy and theoreti-
cally that HyPc8 and Cqy ¥ organic molecules deposited on 6H-
SiC(0001)-(3x3) form covalent bond with the Si adatom of the
SiC surface. Singular insulating contact with the SiC surface has
also been evidenced with perylene molecule derivative0.,

Phthalocyanine, chemically characterized for the first time in
1933 by Linstead and co-workers?L, presents peculiar electronic
properties in terms of optical absorption, conductivity and long
live charge generation making it an active actor in various ap-
plications as solar cell applications and medicine.2224 The ge-
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ometry of adsorption of the first layer of molecules on inorganic
semiconductors plays a key role in the electronic properties of the
interface and on the growth of the organic film22%, QOrganic-
inorganic heterojunction interface remains insufficiently docu-
mented and needs further investigation.

In this work, we investigate the adsorption of H,Pc on the
silicon terminated 6H-SiC(0001)-(3x3) surface by X-ray pho-
toelectron spectroscopy (XPS), near edge X-ray absorption fine
structure spectroscopy (NEXAFS), and density functional the-
ory (DFT) calculations. Experiments highlight the interaction of
the molecules with the surface taking place especially at the N
atoms and strongly depending on H,Pc coverage. In addition to
the adsorption sites previously identified18, we propose that the
molecules may be further stabilized by incorporating a Si adatom,
thereby forming SiPc.

2  Methods

2.1 Experiments

On axes n-doped (0.07 Q-cm) 6H-SiC(0001) substrate (CREE
Inc.) has been used to perform the experiments. All the exper-
iments have been done at a base pressure of 5 x 10~!0 mbars.
The silicon rich 6H-SiC(0001)-(3 x 3) reconstructed surface is pre-
pared using standard protocol leading to highly ordered sur-
face?Z. The substrate is first outgazed for 12h at 600°C in UHV
conditions by direct current heating. The SiC substrate is flashed
at temperature above 1150°C to remove the native oxide. Sili-
con is then deposited on the SiC substrate at a temperature of
650°C, followed by an annealing at 750°C'182Z The quality of the
surface reconstruction is checked by LEED. Metal free Phthalo-
cyanine, 29H,31H-Phthalocyanine (H,Pc) with a purity of 98%
(Sigma-Aldrich) is evaporated in UHV with a single filament effu-
sion cell (Createc) optimized for organic material evaporation at
temperature about 250°C and deposition rate of 2 A/min. The
evaporation rate was calibrated in-situ by a quartz crystal mi-
crobalance. We first deposit and measure one sixth of mono-
layer, then molecules are evaporated further on the same sam-
ple reaching monolayer and multilayer coverage. High resolution
core level photoemission spectroscopy (HRPES) and near edge X-
ray absorption fine structure spectroscopy (NEXAFS) have been
performed on the TEMPO beamline at the synchrotron SOLEIL28.
The beamline covers an energy range between 50 and 1500 eV
with a resolving power better than 10000. The HRPES mea-
surement where done using a high energy resolution Scienta
SES2002 photoelectron analyzer equipped with delay line detec-
tor2?, NEXAFS is measured in partial electron yield. The partial
electron yield is collected with photoelectron analyzer measur-
ing Auger electrons. The normalization of the absorption spectra
is done with the photocurrent measured via a gold mech. The
core level photoemission spectra were deconvoluted according
to usual curve-fitting procedure. Secondary photoelectron back-
ground was removed using Shirley background. The Voigt func-
tion and the Voigt doublet were used to fit, respectively the C 1s
and the Si 2p core levels with respect to the spin orbit splitting of
0.6 eV and a ratio of 0.5 between the Si 2p; s, and Si 2p3, compo-
nents. For the sake of clarity, the core level spectra are normalized
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to the maximum of the intensity of each spectrum.

2.2 Theory

We have studied numerically the adsorption of H,Pc molecules
on SiC(0001) by performing ab initio simulations based on den-
sity functional theory (DFT). For the exchange-correlation func-
tional, we take the generalized gradiente approximation in the
form proposed by Perdew-Burke-Ernzerhof (GGA-PBE)=Y. Calcu-
lations are executed by the QuantumESPRESSO package31'32 that
implements pseudopotentials and plane waves. In analogy to pre-
vious works'l® the surface is modeled by a periodically repeated
slab containing, from top to bottom, the Si adatoms, trimers, and
adlayers of the reconstruction, a SiC bilayer, and a layer of H
atoms saturating the dangling bonds on the back side. We adsorb
geometry on the top side, in a 2 x 2 supercell of the 6H-SiC(0001)-
(83%3) reconstructed surface (overall, the system contains 218
atoms). The coordinates are then optimized, apart for the SiC bi-
layer and saturating H atoms that are kept frozen. Brillouin zone
integration is performed by a 3 x 3 k-point mesh. Wavefunctions
are expanded over plane waves until a cutoff of 45 eV.

We compute the XPS core level shifts between inequivalent ni-
trogen atoms by performing self-consistent calculations with a N
pseudopotential generated with a 1s full core hole (FCH) at the
given atom site. Next, we evaluate NEXAFS within the half-core-
hole approach (HCH)B#35 by using the xspectra code3¢. As we
adopt a pseudopotential approach, we obtain XPS and NEXAFS
spectra up to an energy constant. Further details and computa-
tional setup are given in our previous works=28,

3 Results and discussion

3.1 Experiments

Survey photoemission spectra measured for the different sample
preparation steps are presented in Figure |1} The spectrum mea-
sured for the clean 6H-SiC(0001)-(3x3) surface exhibits three
main peaks corresponding to C 1s, Si 2s, and Si 2p core levels. A
slight amount of oxygen (O 1s) is also present on the spectrum.
The 6H-SiC(0001)-(3x3) surface is known to be very reactive to
oxygen=?, Despite the low pressure (< 5 x 10710 bars) and low
residual oxygen and water, the surface appears slightly contam-
inated. Fortunately, the oxidation process takes place into the
second silicon layer of the surface reconstruction?, which do not
affect the Si adatom, reactive site for molecular adsorption. Af-
ter deposit of one-sixth of a monolayer of H,Pc (submonolayer)
on the surface, nitrogen appears on the spectrum (Fig. [I). The
amount of oxygen remains constant after the first deposit attest-
ing for the high purity of the deposited molecules. At the mono-
layer, nitrogen increases in agreement with the expected H,Pc
coverage. The amount of oxygen has notably increased but re-
mains contained. At the multilayer (= 20 layers), the carbon and
silicon contributions coming from the substrate are clearly atten-
uated, and nitrogen and carbon contribution coming from H,Pc is
now the main contribution of the spectrum. No oxygen contami-
nation is observed.

Figure [2| presents the evolution of the C 1s core level spectra
as a function of the H,Pc coverage. For the clean 6H-SiC(0001)-
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Fig. 1 Photoemission survey measured at 825 eV photon energy for
the clean 6H-SiC(0001)-(3%3) surface (black curve), one sixth of H,Pc
monolayer (submono, red curve) H,Pc monolayer (green curve) and mul-
tilayer (about 20 layers, blue curve).

(83%3) surface, the C 1s core level exhibits only one contribution
at 282 eV. As the surface is silicon terminated only one carbon
corresponding to bulk contribution is visible. At the multilayer,
the core level spectrum is measured at higher photon energy to
probe more deeply into the bulk. At lower binding energy, the car-
bon bulk contribution is strongly attenuated but still visible and
shifted to 282.46 €V. Three contributions are observed at higher
binding energy and correspond to HyPc molecules. The shape of
the HyPc C 1s core level spectrum is in accordance with the litera-
ture*"43 The main contribution at 283.85 eV is attributed to the
benzene carbon atoms as the second contribution at 285.25 €V is
associated to the sum of pyrrole atoms and shake-up transition
of benzene carbon atoms. The lowest component at 287.15 eV
corresponds to shake-up contributions of pyrrole carbon atoms.
At the monolayer, the bulk contribution is increased and lies at
282.22 €V. Feature corresponding to H,Pc molecule is now com-
posed of two broader components compared to the multilayer
attributed to benzene and pyrrole carbon atoms. The shake-up
contributions are not discernable. At the submonolayer H,Pc fea-
ture is still composed of two contributions and are smaller than
the bulk contribution located at 282 €V.

N 1s core level spectra are presented in Figure [3| At the mul-
tilayer, the N 1S core level presents 3 contributions. The main
component located at 397.77 €V is related to pyrrole and bridg-
ing nitrogen atoms. The second feature at 399.32 eV corresponds
to center nitrogen atoms. The lowest component at higher bind-
ing energy corresponds to shake-up transition satellite. The N 1s
core level is in good agreement with previous studies#42, At
the monolayer, the N 1s core level is still deconvoluted into 3
contributions, the shake-up component at higher binding energy
becomes marginal. Compared to the multilayer, the contributions
appear broader but keep the same shape and relative intensities.
At the sub-monolayer, the shake-up contribution is not yet visible.
The N 1s core level spectrum appears strongly modified. The N
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Fig. 2 C 1s core level photoemission spectra measured at 335 €V photon
energy for the clean 6H-SiC(0001)-(3x3) surface, and HyPc coverages
of one sixth of monolayer and one monolayer and at 485 €V for the HyPc
multilayer.

1s feature is still composed of two components but with inversed
relative intensities compared to mono and multilayer H,Pc cov-
erage. The modification in shape indicates stronger interaction
between the nitrogen atoms of H,Pc molecule and the substrate.
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Fig. 3 N 1s core level photoemission spectra measured at 600 eV photon
energy for HyPc coverages of one sixth of monolayer, monolayer and
multilayer.

To determine the interaction of the molecules with the surface,
Si 2p core level spectra are investigated and shown in Figure
The Si 2p core level spectrum of the clean 6H-SiC(0001)-(3x3)
surface, exhibiting the expected shape,1? is deconvoluted into
five components. The bulk component is located at 100.66 €V and
three surface states located at 100.13 eV, 99.34 eV and 98.64 eV
correspond to the silicon atoms involved in the last Si-C bilayer
(S3), silicon atoms composing the Si adlayer and the base of
the tetramers (S2) and Si adatoms apex of the tetramers (S1),

Journal Name, [year], [vol.],
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respectively. An additional component at higher kinetic energy
(101.54 eV) corresponds to the first oxidation state of silicon, in
agreement with the presence of oxygen evidenced in the survey
spectrum (Figure[I). At the submonolayer and monolayer, the Si
2p, the surface states S1 to S3 are broadened and the S1 compo-
nent corresponding to the adatom is decreasing in intensity. This
results is in good agreement with the interaction of Si adatom
with the nitrogen atoms of H,Pc as proposed by Baffou et al.18 At
the monolayer a second oxidation state appears at higher bind-
ing energy in agreement with the increasing amount of oxygen

(Figure[1)).

Normalized Intensity (Arb. Units)

104 103 102 101 100 99 98 97 96
Binding Energy (eV)

Fig. 4 Si 2p core level photoemission spectra measured at 150 eV photon
energy for H,Pc coverages of one sixth of monolayer, monolayer and
multilayer.

The evolution of the N K-edge NEXAFS spectra measured at
normal and grazing incidence as a function of H,Pc coverage are
presented in Figure|5} The NEXAFS spectrum of the multilayer ex-
hibits strong dichroic signal with enhanced sharp structures cor-
responding to 1s— 7* transitions at grazing incidence#4, The
dichroism observed argues for a preferential molecular orienta-
tion. This dichroism is in good agreement with molecules lying
perpendicular to the surface. At sub and monolayer coverages,
the signal coming from 1s— #* transitions is strongly reduced
and the dichroism is enhanced at normal emission in the oppo-
site way to the signal measured at the multilayer. This result
is in good agreement with H,Pc lying flat on the surface at the
sub and monolayer in good agreement with STM studies for iso-
lated H,Pc molecules lying flat on the surfacel®. Nevertheless,
the decrease in intensity modification of the nitrogen bonds and
especially double chemical bonds which can have reacted with Si
adatoms of the surface. This result is in good agreement with
the strong modification in shape of the N 1s core level spectrum
observed at the submonolayer (Figure [3]).

To determine in more details the adsorption geometry of the
H,Pc molecules, the evolution of the NEXAFS intensity as a func-
tion of the angle with incoming light has been performed for sub
and monolayer HyPc coverage (Figure E](a) and E](b)). The in-
tensity of the 1s— m* transition has been integrated, normalized
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and plotted in Figure [6)(c). The experimental data are compared
to theoretical intensity dependency as a function of molecular an-
gle relative to the surface normal“®. The H,Pc molecules present
an angle of 40° and 30° relative to the normal of the surface for
submonolayer and monolayer, respectively. The HyPc molecules
appear not completely flat on the surface but present a small off
axis angle which is reduced for the monolayer. N 1s core level
spectra have evidenced a strong interaction of the molecule with
the substrate. Depending on the interaction strength with the sub-
strate the adsorbed molecules can exhibit molecular distortions*”
which can be at the origin of the tilt of the molecule determined
by NEXAFS.

3.2 Numerical simulations

To describe the interaction between the H,Pc molecule and the
6H-SiC(0001)-(3x3) surface we performed theoretical investiga-
tion of adsorbed molecules in a surface supercell whose lateral
size is sufficiently large to consider individual HyPc units. We
consider initially the molecule at two adsorption sites as shown
in Figures [7(a) and (b). In the top position, Figure [7|(a), the
molecule is placed with its center on top of a Si adatom and
then relaxed. The molecule in this case is weakly bound and a
marginal interaction to the surface is observed. In the bridge po-
sition, Figure [7(b), two opposite N bridging N atoms are placed
nearly above two of the Si adatoms, as proposed previously&.
The adsorption energy of H,Pc in the top and bridge configura-
tions is reported in Table[I} We observe that the top site is less sta-
ble by nearly 1 eV and will not be discussed further. At the bridge
site, the adsorption energy of the molecule to the 6H-SiC(0001)-
(3x3) surface is —1.13 eV. We recall that this configuration has al-
ready been reported in great detail previously 148, The N atoms
approaches the Si adatoms thereby forming two N-Si bonds of
length 1.90 A. In the relaxed geometry the distance between the
two Si adatoms results to be 8.85 A (reducing by 0.43 A from the
initial value) whereas that between the nitrogen atoms attached
to Si is 7.06 A (increasing by 0.33 A from the initial value).

Table 1  Adsorption energy for H,Pc and SiPc molecules on 6H-
SiC(0001)-(3x3) from DFT calculations. The central H atoms in the
latter are adsorbed on the surface, and a Si adatom from the surface is
inserted

Molecule Adsorption site Adsorption energy (eV)
H,Pc top -0.23
H,Pc bridge -1.13
SiPc top -4.09
SiPc bridge -1.27

We now report the N 1s XPS for free and adsorbed H,Pc. In
the gas phase, the molecule has three inequivalent N atoms as
marked in the sketch above Figure a). N1 and N2 atoms consti-
tute the cyclic tetrapyrrole nitrogen atoms where N1 attached to
the hydrogen is the pyrrole-N, N2 the pyrrole aza-N and N3 the
mesobridging-aza N. The spectrum is plotted in the bottom part
of Figure [8(a) where N2 has the lowest binding energy followed
by N3 and N1, in full agreement with the experimental spectrum
in the literature#42 Additionally this spectrum is also similar to
the multilayer spectrum of the measured N 1s XPS shown in Fig-
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Fig. 5 Nitrogen K-edge NEXAFS spectra measured at normal (E| Substate) and grazing (EL Substrate) incidence for different H,Pc coverage
(Subomolayer, Monolayer and Multilayer coverage) Sharp features below 404 €V correspond to 1s— m* transitions and broad feature above 404 eV
corresponds to 1s— ¢* transitions.
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Fig. 6 Angular-dependent N K-edge NEXAFS spectra for submonolayer (1/6th) (a) and monolayer (b) HyPc molecules on the 6H-SiC(0001)-(3x3)
surface surface. (c) Intensities of the main 1s— 7* resonance against 6 for submonolayer (blue circle) and monolayer (black circle) HyPc coverage. The
solid lines represent the theoretical angular variation of 1s— 7* resonances calculated for various molecular tilt angles. The inset shows the schematic
diagram of the measurement geometry.

Fig. 7 Optimized configurations obtained for (a) top and (b) bridge positions of H,Pc/6H-SiC(0001)-(3x3), (c) top positioned SiPc/6H-SiC(0001)-
(3%3). Top panel shows top view and bottom panel shows side view. The molecule is colored as follows: C-black, N-blue, H-white, Si-red. The
substrate is colored as follows: Si adatoms (first layer S1)-red, Si trimers (second layer S2)-orange, Si (third layer S3)-yellow, Si (fourth layer)-green,

C-grey, H-

white.
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ure 3l This is an indication of the fact that the molecules of the
higher layers essentially retain the pristine molecular electronic
structure, so that the measured spectrum of the multilayer is very
similar to that of the gas phase molecule.

Upon adsorption as in the bridge site, the N 1s XPS modifies as
shown in Figure[8|(b). The spectrum is now composed of two well
separated structures, produced by the four inequivalent N atoms:
indeed, the bridging N atoms are no more equivalent, giving rise
to contributions that we mark as N3 and N4 (see top panel in
Figure[8|(b)). The binding energy of the N4 atom is closer to that
of N1, with which it groups, than N2 or N3. This points out that
N4, bonded to the Si adatom, manifests a chemical environment
similar to that of N1 bonded to the H atoms. Additionally, one
can also notice that the N2 and N3 components constituting the
second peak situated at lower binding energy have moved closer
together than in the free molecule, reducing their separation from
0.48 to 0.12 €V. Overall, the agreement that we observed between
the gas phase simulations and the multilayer measurements is
lost, with the measured submonolayer as well as the monolayer
spectra in Figure [3| differ entirely from the result of Figure [8|(b).
This suggests that the bridge configuration of H,Pc/SiPc(0001)
is not the only case in the submonolayer and monolayer regimes
in our experiments. Some other configuration may be present at
low coverage, that we attempt to reveal by considering further
models.

The capability of porphyrin and phthalocyanine deposited on a
surface to substitute pretty easily the two central H atoms with

4950/ The surface reconstruction

a metal atom is well known
plays a key role in the molecule reactivity facilitating the meta-
lation processl. In the same way, it has been recently shown
that silicon atom can be substituted to H atoms to form non-
metal porphyrin®2. From the experimental point of view, our 6H-
SiC(0001)-(3x3) surface presents silicon adatoms which can re-
act with deposited H,Pc8 but also an excess of Si atoms, forming
silicon clusters at the surface?Z, suggesting that the substitution
may occur by the Si atoms already present at the surface. Hence
we simulated the geometry of the HyPc molecule by removing
the two central H atom and placing the molecule with its center
above a Si adatom. The resulting structure obtained after opti-
mization is shown in Figure [7[(c). The molecule initially with a
void core embeds the Si adatom effectively forming an adsorbed
silicon-phthalocyanine (SiPc) molecule. We name this the top
SiPc/6H-SiC(0001)-(3%x3) configuration. The adatom displaces
from the pyramid center, keeping only one bond with a Si atom
in the Si-triangle, with Si-Si distance of 2.38 A Asa consequence,
the missing bonds of the other two Si atoms in the triangle are
saturated by bonding to two carbon atoms, marked C1 and C2 in
Figure c), with bond lengths of 2.02 and 2.04 A. To achieve this
configuration, the molecule distorts significantly, especially if we
compare it with the nearly flat bridge configuration seen above.
Overall, three bonds are formed between the molecule and the
substrate. This indicates a very strong interaction between the
molecule and the substrate in this case. The adsorption energy
results to be —4.09 €V taking into account also the adsorption
energy on other Si adatom sites of the two H atoms removed
from the center of the molecule. This is significantly more sta-
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ble than the energy of H,Pc in the bridge position (—1.13 €V),
see Table |1} despite the N-Si bonds are not formed for top SiPc.
Displacing the so formed SiPc molecule from the top to the bridge
site, thereby restoring the N-Si bonds but breaking the bonds with
the Si triangle, yields to an energy cost of 2.82 eV (bridge SiPc,
E.4s = —1.27 eV). Both for its deformed structure and for a differ-
ent substrate registry, SiPc at top should be clearly distinguishable
from H,Pc at bridge as measured by STM. See also the simulated
STM images presented in the ESI Figure Conversely, at the
bridge site, SiPc and H;Pc would require good resolution to re-
solve four-fold and two-fold appearance around the center.

The above findings suggest that H,Pc in our experiments may
react at Si adatom sites, thereby forming SiPc strongly bound to
the surface. Although less common than their metal analogues,
non-metal phthalocyanines are also synthesized. In particular,
SiPc are promising molecules for applications in various fields in-
cluding cancer phototherapy, NIR imaging, organic photovoltaics,
organic electronics and photocatalysis®2 also thanks to the un-
common hexacoordination of the Si atom that offers two axial
ligands. In our case, the molecule is stabilized by the surface that
acts as one of the two ligands, leaving ideally the second one free
for further molecular functionalization. This is analogous to the
recent on-surface synthesis of Si-Porphyrins on Ag surfaces upon
evaporation of atomic Si®2.,

The incorporation of the central Si atom in place of the two H
ones modifies the spectral characteristics of the molecule. The N
1s XPS for an hypothetical free SiPc molecule is given in Figure
[8c). In this case, the pyrrole N atoms are equivalent as all bind to
Si. As a consequence, all are found at higher binding energy with
respect to the bridging N atoms, as was the case for the H-bonded
pyrrole N1 atom in free HyPc in Figure [8f(a).

When SiPc is adsorbed at the top site of 6H-SiC(0001)-(3x3)
as in Figure[7[(¢) no N atom is strictly equivalent by symmetry to
another one. Its simulated N 1s XPS spectrum is shown in Fig-
ure d), where all we have taken into account all of the eight
inequivalent nitrogen atoms as indicated therein. Their spread
in energy yields to a smoother, double peaked structure. On the
high-energy side we find the pyrrole N atoms bonded to Si (N1-
N4), and on the low-energy side the bridging N atoms (N5-N8).
Differences in the position of these atoms with respect to the sub-
strate influences their binding energy, for example in the case of
N5 and N7 that lie closer to the substrate than N6 and N8, and a
lower binding energy is computed for the former pair than for the
latter pair. The spectrum is overall less resolved and concentrated
in a narrower energy range than that simulated both for free H,Pc
(that was a good model for the multilayer case) and for bridge
H,Pc/6H-SiC(0001)-(3x3). Considering the simultaneous pres-
ence of both molecular species, this results in a better agreement
with the experimental spectrum of the monolayer regime that is
composed by a wide and unresolved feature as seen in Figure
Such findings support the possibility that top SiPc/6H-SiC(0001)-
(3%x3) molecules are also present in the monolayer regime. Dif-
ferences in details of the adsorption configuration for various SiPc
molecules may further smear the spectrum therefore improving
agreement with experiments.

We further compare the two adsorption models, bridge
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The

Fig. 9 Comparison of the simulated N 1s NEXAFS between (a) bridge H,Pc/6H-SiC(0001)-(3x3) and top 6H-SiC(0001)-(3x3), (b) Gas phase H,Pc
and SiPc. The solid lines represent photon polarization along the surface normal and the dotted ones in the surface plane.
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H,Pc/6H-SiC(0001)-(3x3) and top SiPc/6H-SiC(0001)-(3x3),
by means of their simulated N 1s NEXAFS spectra, shown in
Figure [9)(a). There we distinguish between photon polarization
along the surface normal (solid lines, transition to 7* states) and
in the surface plane (dashed lines, transition to c* states). One
can easily notice that the first peak present in the blue curve for
H,Pc bridge is missing from the red one for SiPc top, similarly to
the missing 7* peak in the NEXAFS measurements of the mono-
and especially submonolayer in Figure An even stronger re-
duction of the first peak can be observed by comparing to free
H,Pc whose NEXAFS spectrum is reported in Figure[9)(b). There,
also the case of free SiPc is reported which presents a ¢* reso-
nance among the 7* ones, much weaker for the surface-stabilized
molecule. By detailing the contributions of individual N atoms to
the spectrum as reported in the ESI Figure[S2] we can observe that
for free H,Pc the first peak is mostly given by the four perypheral
N3 atoms. For H,Pc bridge, the two perypheral N3 atoms that are
not bonded to the Si adatoms still produce the first structure with
m* symmetry. For top SiPc/6H-SiC(0001)-(3x3), the differences
in the spectra among the 8 N species do not bring to a single
identifiable peak.

The strong weakening of the n* contribution in the experi-
mental spectrum of the submonolayer and monolayer regime is
a further indication that the experimental observations may re-
fer also to top SiPc/6H-SiC(0001)-(3x3) rather than only bridge
H,Pc/6H-SiC(0001)-(3x3). Whereas in the experimental multi-
layer regime the n* resonances reappear in close similarity with
the spectra simulated for the free molecules, stipulating the pres-
ence of HyPc molecules that are weakly interacting. This is a new
discovery regarding the reactivity of the 6H-SiC(0001)-(3 x 3) sur-
face towards the H,Pc molecules converting them into SiPc at low
coverage where the molecules are in direct contact with the sur-
face, while remaining as H,Pc in the additional layers not in direct
contact with the substrate.

From the experimental data, a remarkable surface reactivity
with HyPc has been evidenced. Especially at the submonolayer,
the N 1s core level spectrum strongly differs and does not match
with the calculation of bridge bonded H,Pc between N atoms and
Si adatoms of the reconstructed surface as proposed from a pre-
vious STM study18. Our calculations evidence a new adsorption
model involving one silicon adatom substituted with hydrogen
atoms. Differences between monolayer and submonolayer are
then induced by the molecular density. We speculate that at the
monolayer, bridge bonding between N atoms of H,Pc and the Si
adatoms of the SiC surface could still occur, while at the sub-
monolayer, the spectroscopic features are in good agreement with
a stronger interaction between H,;Pc and the substrate leading
to a Si insertion in H,Pc. The balance between intermolecular
and molecule-substrate interactions could be one of the factor be-
hind the spectroscopic signals observed between H,Pc monolayer
and submonolayer coverages. Indeed, the competition between
intermolecular and molecule-substrate interactions is known to
play a key role in molecular organization even at semiconductor
surfacel34555057 The surface preparation and molecule evapo-
ration are particularly critical parameters in intermolecular and
molecule-substrate interactions at the origin of changes in molec-

8 Journal Name, [year], [vol.], 1

Physical Chemistry Chemical Physics

ular packing and electronic properties of the molecular film. The
evaporation rate used during molecule deposit plays a key role in
molecule organization at the surface, it has been shown in pre-
vious work that 2 A/min evaporation rate is a critical value where
packing of molecule can change®?, Working at 250°C correspond-
ing to 2 A/min evaporation rate, slight variation in evaporation
can lead to different adsorption mode which could be at the ori-
gin of the differences observed between previous STM study for
H,Pc/6H-SiC(0001)-(3x3)"18 and the present work.

4  Conclusions

We have investigated the adsorption of metal-free phthalocyanine
molecules evaporated on the 6H-SiC(0001)-(3x3) surface. Pho-
toemission surveys guarantees the purity of the adsorbed layer
and, although some O is present on the free surface, this remains
buried by the molecules. X-ray photoelectron spectra taken at
the C 1s line allow identifying two molecular contributions from
benzene and pyrrole atoms and the substrate one at lower bind-
ing energy. The N 1s spectrum highlights a strong interaction
between the N atoms of H,Pc molecules and the substrate, with
the observation of a single unresolved feature instead of the two
peaks observed from thick layers. The interaction between N and
Si atoms is also evidenced by the Si 2p spectrum. Near edge X-
ray absorption fine structure spectra taken at the N 1s edge clarify
molecules adsorption geometry and preferential adsorption mode
at subomonlayer and monolayer. Molecules exhibit preferentially
flat-down adsoprtion mode, yet molecules are not completely flat
on the surface which could include the effect of molecular distor-
tion. The N interaction with the surface is further evidenced by
the modification in the spectrum with the reduced intensity of the
first #* resonances. By performing numerical simulations we find
the bridge site as the stable adsorption site for HyPc molecules as
in the literature. However, N 1s spectra computed for this case are
not consistent with our measurements. At low coverage, another
adsorption configuration is then identified where the molecule in-
corporates a Si adatom after loosing its two central H atoms. With
a total of three bonds with the surface, that is energetically more
stable by nearly 3 eV. Additionally, its simulated spectra yield a
better agreement with observations. Effectively, a SiPc molecule
is thereby formed, stabilized by the surface. This suggests the
6H-SiC(0001)-(3x3) as a candidate substrate for the on-surface
synthesis of non-metal SiPc molecules.
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Fig. S1 Comparison of the simulated STM images for H,Pc/6H-SiC(0001)-(3x3) adsorption configurations: (a) HzPc in the bridge site, (b) SiPc

top, (c) SiPc bridge. Heights reported as a color scale are evaluated following an isolevel of the electronic local density of states integrated in the
valence band until —2 eV. All values in A.
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