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ARTICLE INFO ABSTRACT

Keywords: Metal tetraphenylporphyrins (MTPPs, with M = Zn, Co) deposited on an oxygen-passivated Fe substrate, namely
Metal tetraphenylporphyrins Fe(001)-p(1 x 1)O, were studied to understand the mechanism of molecular self-assembling on ultrathin metal-
Self-assembling

oxide films. These were characterized by photoemission spectroscopy (PES) and low energy electron diffraction
Fe(001)p(1 x 1)0 (LEED). Heterogeneous MTPP monolayers (ZnTPP + CoTPP) were grown at room temperature by depositing a
PES sub-monolayer of ZnTPP on Fe(001)-p(1 x 1)O followed by a sub-monolayer of CoTPP or vice-versa, or by co-
LEED deposition.

Homogeneous layers are characterized by markedly different molecular superstructures, as shown by LEED.
Conversely, heterogeneous monolayers reflected an even more complex behavior: in particular, it was observed
that the deposition of a small amount of CoTPP before or simultaneous to the dosing of ZnTPP molecules was
able to stabilize a (5 x 5)R37° diffraction pattern, characteristic of homogeneous CoTPP, whereas homogeneous
ZnTPP layers are associated to a straight (5 x 5) one. The observed differences in the ordering of the molecular
self-assembling as a consequence of combining the two MTPPs highlights a significant influence of one MTPP

Ultra-thin metal oxide layers

over the other depending upon the central metal ion and not upon the molecular skeleton.

1. Introduction

The field of organic electronics has seen the emergence of engineered
hybrid metal electrode/organic molecule interfaces where molecules
can be ordinally assembled in 2D scalable devices [1]. In this regard,
many compounds have been synthesized and studied to obtain specific
properties at the interface [2]. Organic molecules can also be func-
tionalized, and radical groups can be bound to the main molecular
structure ensuring a change in the physical/chemical properties of the
compounds [3]. Considering the emergency of realizing hybrid devices,
where electronic charge transport properties can be fine-tuned, in-depth
investigations of the inorganic/organic interface constitute an ongoing
and ambitious research theme [4-10].

The development of complete organic devices poses a generic chal-
lenge, which is, to preserve chemical, physical and electronic properties
when organic molecules are placed onto a substrate (e.g. metallic) due to
a mutual interaction between the molecules and the substrate. In this
regard, metal surfaces passivated by single atomic layers of oxygen
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called ultra-thin metal oxide layers have been proposed to have the
proper requisites in view of preserving the electronic properties of the
chosen molecules. One such substrate is Fe(001)-p(1 x 1)O, where a
single layer of oxygen atoms are located at the four-fold symmetrical
“hollows” of the substrate Fe(001) surface [11,12]. The reason for using
ultra-thin iron oxide resides in the fact that the properties of the Fe
substrate itself are exploitable such as that of its conductivity and
ferromagnetism. But since the bare Fe substrate is highly interactive,
there is the need for a decoupling layer between the metal substrate and
the organic molecules to be deposited. Graphene has been also proposed
to act as a well-functioning decoupling layer, e.g. on Ni [13]. However,
the orthohexagonal lattice structure of graphene is not compatible with
the body centered cubic lattice structure of iron crystal. A standard ultra-
thin Fe(001)-p(1 x 1)O layer prepared by following a surface oxygen
passivation protocol outlined in the Material and Methods section, has
already been established by the authors to be able to efficiently decouple
the deposited organic molecules, which retain their compositional
integrity and a minimally perturbed electronic structure w.r.t the
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freestanding case [14-18].

The organic material, metal tetraphenylporphyrin (MTPP) is
composed of an almost flat tetra-pyrrolic macrocycle. At the skeleton
border, four phenyl groups are linked to the main cavity of the molecule.
A metal ion (in this case Zn*t and Co®*") can be placed inside the central
ring, and its presence can alter the characteristic electronic properties of
the molecule. MTPPs have been chosen as the model organic material for
our investigation since they can accommodate different metal ions in-
side a central cavity and preserve the main skeleton of the molecule
[19]. This occurrence appears as a natural way of tuning the chemical,
electronic and transport properties. ZnTPP and CoTPP, the two MTPP
molecules used in our study, are easily synthesized and available
commercially in their pure forms. In free porphyrin complexes, the d-
orbitals of the metal ion splits in one degenerate and three non-
degenerate energy levels (Dy, symmetry). In this configuration, the
lowest (dyy) and highest (d,2_,») energy molecular orbitals are confined
to the molecular xy plane, while the other three orbitals (dy;, dy;, d,2)
project out of the molecular plane (d, ). Period 4 transition metal ions, in
which the d, orbitals are unoccupied, tend to form stronger covalent
bonds because these unoccupied orbitals can engage in orbital interac-
tion and electron transfer from the substrate [20].

In our previous works, we have extensively investigated the struc-
tural and electronic properties of homogeneous monolayers of ZnTPP
and CoTPP molecules deposited on Fe(001)-p(1 x 1)O substrates in an
ultra-high vacuum (UHV) environment, using organic molecular beam
epitaxy (OMBE). The two molecular systems show a very long range
order that can be appreciated also with low energy electron diffraction
(LEED). In particular, ZnTPP and CoTPP monolayers are characterized
by two different LEED superstructures: it was observed that ZnTPP
molecules deposition exhibited a (5 x 5) ordered reconstruction, while
the (5 x 5) reconstruction of CoTPP molecules is rotated by 37° (w.r.t
the underlying Fe crystal lattice vector), called a (5 x 5)R37° recon-
struction [17,21-23]. In Ref. [24], we conducted a detailed investiga-
tion of the thermodynamic driving force leading to the formation of the
corresponding molecular superstructures exploiting Density Functional
Theory (DFT), complemented by Scanning Tunneling microscopy (STM)
and Near Edge X-Ray Adsorption Fine Structure (NEXAFS) spectroscopy.
STM data and calculations reveal very similar local morphologies where
molecules share the same azimuthal orientation with the nearest
neighbors [24], irrespective of the central metal ion and the molecular
superstructure, possibly due to an intermolecular interaction mainly
driven by peripheral groups, which are the same for both ZnTPP and
CoTPP. Surprisingly, the calculated adsorption energies of both ZnTPP
and CoTPP, for all possible configurations revealed only moderate en-
ergy differences, and the exact driving force for the formation of the
ZnTPP and CoTPP superstructures therefore remains unclear.

In addition, the role of temperature during film growth was checked
in a wide experimental campaign where the substrate was kept at
various temperatures from cryogenic (about —100 °C) to relatively high
temperatures (about 50 °C) during the depositions. In all the prepared
samples, the ZnTPP and CoTPP characteristic reconstructions were sta-
ble if the substrate temperature was changed, thus suggesting a promi-
nent role of kinetic effects in a wide temperature range, including also
room temperature.

In this work, we propose a strategy to provide novel experimental
data and shed more light on this issue. Heterogeneous monolayers
(combination of ZnTPP and CoTPP), as a result of sequential deposition
or a co-deposition, were exploited to observe a possible influence of one
type of porphyrin molecule on the reconstruction of the other, in view of
giving new insights on the role of the central metal ion in molecular
assembling.
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2. Material and Methods
2.1. Sample preparation

Sample preparation began in a UHV system (base pressure in high 10
1 Torr) with growing a 400 nm thick Fe(001) film on a clean MgO(001)
single crystal substrate, by means of OMBE. At this thickness, the
deposited Fe behaves as bulk crystal [21]. Then we proceed with the Fe
(001)-p(1 x 1)O preparation by exposing the clean Fe(001) surface to
30L (1L =1.0 x 107® Torrs) of molecular oxygen (partial pressure of 2
x 107 Torr, exposure time of 150 s) at 450 °C and then higher tem-
perature annealing at 700 °C for excess oxygen removal from the surface
[25-29].

The above described Fe(001)-p(1 x 1)O preparation was followed by
the deposition of the organic molecules in a dedicated vacuum chamber
by means of Knudsen effusion cells, each separately filled with an MTPP
(M being Zn, Co) purchased from Merck. Before sublimation on Fe
(001)-p(1 x 1)O, each cell was separately degassed in vacuum. The
MTPPs were deposited at evaporation temperatures of about 300 °C,
depending on a prior calibration of the effusion rate of each MTPP cell.
Temperature controllers stabilize the crucible heating temperatures
within 0.5 °C. The MTPP deposition rate was monitored by a quartz
microbalance that enabled one to maintain a rate of about 1 A min~'. A
complete monolayer coverage of both ZnTPP and CoTPP molecules
corresponds to a thickness of about 3.06 A [18,23]. All the films were
grown with the substrate kept at room temperature.

2.2. Sample characterization

All samples were characterized by photoemission spectroscopy (PES)
and LEED. PES utilized unmonochromatized radiation from an ultra-
violet He I (hv = 21.2 eV) lamp. All PES spectra have been subject to
satellite peaks removal. Photoelectrons were collected in a 150 mm
hemispherical electron analyzer (SPECS GmbH) [30], providing an
overall (electron + photon) full width at half maximum (FWHM) energy
resolution of 15 meV. LEED was performed with a commercial apparatus
(Physical Electronics Inc.) equipped with a beam shutter. LEED images
were taken at an incident beam energy of 55 eV after the spectroscopic
characterizations, by exposing the sample to the electron beam for a few
seconds. LEED patterns observed in the experiments have been corrob-
orated with simulated LEED patterns produced by the software LEEDpat
[31].

3. Results and discussion
3.1. Homogeneous MTPP monolayers on Fe(001)-p(1 x 1)O

For the sake of clarity, we start our discussion by considering first the
case of a single type of MTPP molecule deposited onto the substrate
(homogeneous deposition). The LEED patterns for ZnTPP and CoTPP
monolayers on Fe(001)-p(1 x 1)O are reported in Fig. 1 (i) and (ii)
respectively. In particular, Fig. 1 (i) shows the characteristic molecular
reconstruction of a ZnTPP monolayer on Fe(001)-p(1 x 1)O: the black
circled diffraction spots correspond to the reciprocal lattice of the un-
derlying Fe(001)-p(1 x 1)O substrate, while the others (a subset of
which is shown circled in yellow) give rise to the (5 x 5) surface
reconstruction. A (5 x 5)R37° reconstruction is shown in Fig. 1 (ii) for
the CoTPP monolayer (with some of the relative diffraction spots shown
circled in pink). Both these patterns have also been reported in [25]. A
detailed modeling of the molecular assemblies in the direct lattice space
and the corresponding simulated LEED pattern for both cases are re-
ported in Supplementary Information A.
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Fig. 1. (color online) LEED images obtained at 55 eV beam voltage for: (i) (5 x 5) surface reconstruction of 1 ML ZnTPP on Fe(001)-p(1 x 1)O (with some of the
diffraction spots highlighted in yellow); and (ii) (5 x 5)R37° surface reconstruction of 1 ML CoTPP on Fe(001)-p(1 x 1)O (with some of the diffraction spots
highlighted in pink). The 4 dark corner spots and the one in the middle are diffraction spots from the underlying Fe(001)-p(1 x 1)O substrate.

Further information on the homogeneous depositions are obtained
by PES, as reported in Fig. 2. Indeed, given its rather shallow informa-
tion depth (about 0.5 nm, according to Ref. [32]), the PES technique is
particularly sensitive to changes in the O 2p peak contribution of the Fe
(001)-p(1 x 1)O observed in the valence band region [33,34]. This peak
completely disappears as soon as 1 ML coverage of MTPP molecules is
reached. Fig. 2 (i) and (ii) show the PES characterizations for ZnTPP and
CoTPP as a function of the deposited coverages. The peak at 4.3 eV
binding energy (BE) indicates the characteristic O 2p spectral feature,
which we attribute to the progressively buried Fe(001)-p(1 x 1)O
substrate. Both the ZnTPP and CoTPP monolayers develop a wetting
layer where molecules spread over the substrate rather than forming
islands. This is evident from the complete disappearance of the O 2p
peak at the 1 ML coverage, likely due to the combined effect of elec-
tronic modifications occurring at the interface and the distortion of the
photoemission signal by scattering by the molecular layer, as discussed
in our previous work [24]. We note that, if the development of the
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monolayer were island-like, the O 2p peak signal from the uncovered
substrate would be visible even at and above 1 ML coverage. This is also
confirmed by the fact that, at 1 ML coverage, STM images exclude the
presence of any area where the bare substrate is visible [17,23]. At
larger coverages, the LEED pattern fades away and specific modifica-
tions occur in the spectroscopic features from the molecular film, as
shown in Ref. [29].

3.2. Heterogeneous ZnTPP - CoTPP monolayers on Fe(001)-p(1 x 1)O

3.2.1. Photoemission analysis

As mentioned in the Introduction section, heterogeneous M;TPP +
M,TPP monolayers (M; being Zn or Co and M; being Co or Zn, respec-
tively) were grown sequentially at room temperature by depositing x ML
of M;TPP on Fe(001)-p(1 x 1)O followed by (1-x) ML of MyTPP, where
x < 1. Furthermore, in another set of depositions, nominally equal
amounts of ZnTPP and CoTPP were grown in co-deposition. A list of all

T T T T T T T T
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Fig. 2. (color online) PES spectra of MTPP films deposited at incremental coverages on Fe(001)-p(1 x 1)O: (i) ZnTPP (ii) CoTPP, where PES utilized radiation from

an ultra-violet He I (hv = 21.2 eV) source.
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Fig. 3. (color online)PES spectra of MTPP depositions on Fe(001)-p(1 x 1)O: (i) transition from homogeneous to heterogeneous ZnTPP — CoTPP monolayer, (ii)
heterogeneous ZnTPP - CoTPP depositions, where ZnTPP is deposited first followed by CoTPP, and (iii) first TPR at about 1.6 eV or HOMO features as measured by

PES. PES utilized radiation from an ultra-violet He I (hv = 21.2 eV) source.

the samples prepared and studied is reported as Table S1 in Supple-
mentary Information B.

The influence of the presence of different types of molecules in the
formation of the organic overlayer, for which we have no unambiguous
evidence that ZnTPP and CoTPP mix, has been investigated by analyzing
PES data for the heterogeneous MTPP depositions reported in Fig. 3.
First of all, as clearly shown in Fig. 3 (i), we find, also in this case, the
reduction of the O 2p peak signal as in the case of the homogeneous
depositions (Fig. 2), pointing towards a similar growth mode. This in-
dicates that MTPP domains prefer to be spatially distributed over the
substrate spreading like a wetting layer and deposited on available free
substrate region rather than accumulating on top of one another like in
island formation, in case of both homogeneous as well as heterogeneous
MTPP depositions. Thus a 1 ML of MTPP can be constructed as the
deposition of x ML of M;TPP + (1-x) ML of MyTPP: this will be taken as a
starting point in the following section for analyzing LEED data from
heterogeneous deposited films.

Along with reduction of the substrate contribution, upon increasing
the MTPP coverage, spectral features characteristic of the organic
molecule develop in the valence band region. Such features are high-
lighted in Fig. 3 (ii) for the ZnTPP-CoTPP heterogeneous monolayers for
different values of the composition x, where ZnTPP is deposited first,

followed by CoTPP, and a comparison is made with the respective ho-
mogeneous ZnTPP and CoTPP monolayers. In agreement with the other
data available from the literature [18,21,35,36], the valence band re-
gion predominantly shows the influence of the main tetrapyrrole ring
(TPR) at 1.6 eV and 5.0 eV and the phenyl (Ph) groups of the MTPP
molecules at 3.7 eV and 6.5 eV. The first TPR feature after the Fermi
level (Ep) at 1.6 eV also corresponds to the highest occupied molecular
orbital (HOMO) level of the porphyrin molecule (detailed features
shown in Fig. 3 (iii)). Slight energy shifts towards higher BEs in the peak
positions at the Ph position of 3.7 eV and the TPR position of 5.0 eV are
observed. Nevertheless, the molecular features are preserved in the case
of heterogeneous depositions as well. A more detailed analysis of the
ZnTPP and CoTPP valence structures, in our case, requires a careful
subtraction of features arising from Fe, as opposed to porphyrin films
deposited on noble metal substrates [36-38]. For such an analysis,
dealing with the possible occupation of additional states close to Ep, the
reader is referred to our previous work [21].

3.2.2. LEED analysis: Superposition criterion

As discussed above, the PES data suggests the possibility of building a
single organic monolayer as the linear superposition of x ML M; TPP and
(1-x) ML of M,TPP. An interesting question is then if this linear
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Fig. 4. (color online) LEED images obtained at 55 eV beam energy for the samples listed in Table S1 of Supplementary Information B: (i) homogeneous depositions
as a function of film coverages, and (ii) heterogeneous M; TPP + M,TPP depositions. The black circled diffraction spots are due to the underlying Fe(001)-p(1 x 1)O
substrate, the highlighted yellow circles exhibit (5 x 5) ordering of ZnTPP molecules, and the highlighted pink circles exhibit (5 x 5)R37° ordering of

CoTPP molecules.



1. Majumdar et al.

superposition can be observed in diffraction patterns as well. Fig. 4
shows the LEED patterns for all the samples (with the numbers referring
to Table S1 reported in Supplementary Information B. Samples reported
in Fig. 4 (i), i.e. single molecule films have various coverages: 0.25 ML,
0.50 ML, 0.75 ML and 1 ML. These have been used to interpret the
heterogeneous films whose LEED patterns are shown in Fig. 4 (ii). In
particular, the deposition sequence between ZnTPP and CoTPP has been
found to be of significant importance as will be described as follows.

From the heterogeneous ZnTPP - CoTPP depositions shown in Fig. 4
(ii), we observe that samples (please refer to Table S1 in Supplementary
Information B) labeled #5, #7 and #10 show LEED patterns whose
interpretation can be quantitatively based on a criterion of super-
position. For example, sample #5, which is a 0.75 ML ZnTPP deposition
followed by a 0.25 ML CoTPP deposition, shows a LEED pattern that
seems to be simply a linear combination of the diffraction patterns
observed in samples #2 and #12. In this LEED image, a faint rotated (5
x 5)R37° pattern superimposes an otherwise bright straight (5 x 5)
pattern. A similar linear combination is found in the case of sample #7,
which is a 0.50 ML ZnTPP deposition followed by a 0.50 ML CoTPP
deposition. The final LEED image shows a combination of a straight (5 x
5) and a faint rotated (5 x 5)R37° pattern, which seems to be the su-
perposition of the patterns shown by samples #3 (pure 0.50 ML ZnTPP
film) and #13 (pure 0.50 ML CoTPP film). The criterion of superposition
has also been found to be valid when 0.75 ML of CoTPP is deposited on a
pre-covered substrate with 0.25 ML of ZnTPP (sample #10). As seen
from the LEED image corresponding to sample #10 in Fig. 4 (ii), COTPP
molecules retain their characteristic (5 x 5)R37° pattern which results
in a clear mixed and bright straight (5 x 5) and rotated (5 x 5)R37°
pattern. A detailed modeling of the molecular assemblies in the direct
lattice space and the corresponding simulated LEED pattern for this case
is reported in Supplementary Information C.1.

3.2.3. LEED analysis: CoTPP pre-coverage and triggering effect

If we look at the LEED pattern of sample #6 in Fig. 4 (ii), which is a
heterogeneous porphyrin film obtained by a first deposition of 0.25 ML
CoTPP, followed by 0.75 ML of ZnTPP, instead of observing a clear

0.50ML ZnTPP + 0.50ML
CoTPP codeposition

(5x5)R37°

(i)
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bright straight (5 x 5) ordering due to a relatively huge amount of
ZnTPP, we actually observe the presence of only the (5 x 5)R37°
pattern, suggesting that ZnTPP molecules prefer to continue the mo-
lecular ordering created by the initial CoTPP deposition. A naive model
of the molecular assemblies in the direct lattice space for this case is
reported in Supplementary Information C.2. The same phenomenon is
observed every time that CoTPP is pre-deposited on the substrate surface
(samples #6, #8 and #11), indicating that once the sequence of depo-
sition in the heterogeneous porphyrin films is changed, the criterion of
superposition no longer holds valid.

The dominant effect of CoTPP in driving the final LEED pattern is
also evident in co-deposition conditions. Fig. 5 (i) shows the LEED
pattern of a simultaneous deposition of half a monolayer of ZnTPP
molecules and half a monolayer of CoTPP molecules (sample #9).
Instead of observing a mixed pattern what we observed was only a (5 x
5)R37° pattern. A naive model of the real space (Fig. 5 (ii)) demonstrates
this triggering effect of CoTPP, despite both ZnTPP and CoTPP mole-
cules arriving on the substrate at the same time.

As a naive interpretation of the above phenomena observed and the
CoTPP dominance/triggering effect, we speculate to consider differ-
ences in the porphyrin diffusion on a surface. Generally speaking, some
factors are crucial in this process, such as: (i) molecule-substrate
interaction [39-41], (ii) inter-molecular coupling through Van der
Waals, electrostatic, CH-z and/or z-r interactions [42], and (iii) struc-
tural and electronic properties of the molecule, which can depend on the
type of central metal ion [43]. In our case, previous investigations on
different porphyrin layers grown on the passivated iron surface reveal a
general weak porphyrin-iron interaction due to the oxygen passivation
treatment of the substrate [24,44,45]. As a consequence, the molecular
diffusion might be influenced by the other two factors. We speculate that
the pre-deposited CoTPPs with (5 x 5)R37° molecular assembling offer
domains accessible to the arriving ZnTPP molecules on their diffusion
paths across the substrate surface possibly due to ZnTPPs having a
different diffusivity as well as the ZnTPP - CoTPP attractive interactions
being preferred over the ZnTPP - ZnTPP ones. Under these conditions,
the pre-existing (5 x 5)R37° or CoTPP domains spread due to the
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Fig. 5. (color online) (i) LEED image of (5 x 5)R37° surface reconstruction of the 0.50 ML ZnTPP + 0.50 ML CoTPP co-deposited sample, obtained at 55 eV beam
energy, and (ii) a naive model of an Fe bcc (001) plane top view showing the direct lattice space, where the molecules distribution can be envisaged in its simplest

form. The ZnTPP molecules are shown occupying half of the space with a (5 x 5) assembling (green dots signify Zn>*
central metal ions). The rest of the molecular skeleton is not displayed here for simplicity.

CoTPP molecules with their (5 x 5)R37° ordering (orange dots signify Co>*

central metal ions) while the rest is filled with

The red lattice vector directions represent the O atoms (deep blue spheres) spacing, which are located on the four-fold hollow positions of the Fe lattice (Fe atoms
represented by light blue spheres). The highlighted green and orange lattice vectors correspond to Zn>* and Co*" ion spacings as shown in Supplementary Infor-

mation A.
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adherence of ZnTPP molecules on the border of such domains and
therefore the final LEED pattern shows a single (5 x 5)R37° diffraction
image. Conversely, on a pre-deposited ZnTPP substrate surface, the
arriving CoTPP molecules are not able to expand the pre-existing ZnTPP
domains with (5 x 5) molecular assembling as well as the CoTPP —
CoTPP attractive interactions being preferred over the ZnTPP — CoTPP
attractive interactions and the former promoting the growth of separate
CoTPP domains with (5 x 5)R37° molecular assembling. Therefore, in
this case, the final LEED pattern is simply a linear superposition of the (5
x 5) pattern as contributed by the pre-existing ZnTPP domains and the
(5 x 5)R37° pattern as contributed by the subsequently newly formed
CoTPP domains.

4. Conclusions

Heterogeneous organic films are of crucial interest for application in
organic electronic devices and, consequently, there is a general interest
in improving the understanding of organic molecular self-assembling on
surfaces. In this work, we studied both homogeneous ZnTPP (CoTPP)
monolayers as well as heterogeneous ZnTPP - CoTPP monolayers
deposited on Fe(001)-p(1 x 1)O substrate. PES was employed to
monitor the substrate coverage during sublimation of homogeneous and
heterogeneous films. In both cases, PES suggests an initial layer-by-layer
growth mode and the possibility to obtain a monolayer composed of the
two porphyrin molecules. The organic film crystallinity was studied by
LEED. Homogeneous ZnTPP (CoTPP) films are characterized by a clear
(5 x 5) [(5 x 5)R37°] reconstruction. A pre-deposited ZnTPP sub-
monolayer film, followed by a CoTPP deposition (to a final coverage
of nominal 1 ML), reveals a complex LEED diffraction pattern that can be
interpreted in terms of a linear superposition of the (5 x 5) and the (5 x
5)R37° patterns. Surprisingly, a sub-monolayer pre-deposition of CoTPP
molecules drives the subsequent ZnTPP deposition (final coverage of
nominal 1 ML) to show a single (5 x 5)R37° LEED pattern. Our results
put in evidence unexpected differences in the growth of heterogeneous
organic films in terms of the sequence of deposition. A tentative inter-
pretation of the results suggests a difference in surface diffusion for the
two MTPPs. In our opinion, further experimental data, for instance
investigating the role of the temperature after the growth of the films, as
in temperature-programmed desorption, and developing a theoretical
analysis pertaining to molecules diffusion on passivated metal surfaces is
desirable for a better comprehension of heterogeneous organic film
growth.
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