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Abstract
Porphyrins are a versatile class of molecules, which have attracted attention over the years due
to their electronic, optical and biological properties. Self-assembled monolayers of porphyrins
were widely studied on metal surfaces in order to understand the supramolecular organization of
these molecules, which is a crucial step towards the development of devices starting from the
bottom-up approach. This perspective could lead to tailor the interfacial properties of the
surface, depending on the specific interaction between the molecular assembly and the metal
surface. In this study, we revisit the investigation of the assembly of zinc-tetraphenylporphyrins
on Au(111) in order to explore the adsorption of the molecular network on the noble metal
substrate. The combined analysis of scanning tunneling microscopy (STM) imaging and core
levels photoemission spectroscopy measurements support a peculiar arrangement of the ZnTPP
molecular network, with Zn atoms occupying the bridge sites of the Au surface atoms.
Furthermore, we prove that, at few-layers coverage, the interaction between the deposited layers
allows a relevant molecular mobility of the adlayer, as observed by STM and supported by core
levels photoemission analysis.

Supplementary material for this article is available online
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1. Introduction

Assemblies of molecular architectures on metal surfaces
are intriguing systems due to the possibility of synthesiz-
ing advanced functional nanostructured materials and devices
through molecular manipulation. The structure and stabil-
ity of a well-ordered two-dimensional adlayer are essen-
tially determined by the compromise between the molecule-
molecule and molecule-surface interactions, though other
effects, such as the surface reconstruction, can play an import-
ant, and often underestimated, role. The interaction between
the molecules and the surface can affect the shape of the
adsorbed molecules [1] and their electronic structure [2–4],
as well as their magnetic properties [5, 6]. In particular, the
deposition of electron donor or acceptor molecules allows
to create interfaces with well-defined electronic properties.
Among organic molecules used in surface self-assembly
studies, porphyrins are a well-known and versatile class of
molecules, which have attracted the attention over the last
years for their significant electronic, optical and biological
properties exploitable in a wide range of emerging techno-
logies including field-effect transistors [7, 8], dye-sensitized
solar cells [9, 10], sensors [11, 12], organic light emitting
diode [13, 14] and synthetic bio-mimetic devices [15, 16].
A noteworthy porphyrin derivative is tetraphenylporphyrin
(TPP), consisting of a porphyrin macrocycle with four phenyl
groups bound to the pyrrole subunits by a carbon bridge. TPP
molecules, with or without the metal transition atom (Fe, Co,
Ni, Cu, Zn) in the center, exhibit a pronounced self-assembling
behavior on noble metal surfaces such as Au(111) [17–22],
Ag(111) [23, 24] and Cu(111) [25–27], as well as on TiO2 [28]
even at room temperature. As a result of the adsorption, these
molecules typically form a stable molecular packing driven
by the in-plane interaction between the phenyl groups, result-
ing typically in a nearly square unit cell, where the porphyrin
macrocycle stays either flat and parallel on the metal surface
or distorted, showing the typical saddle-shape geometry, as
reported by several Scanning Tunneling Microscopy (STM)
and Near Edge x-Ray Absorption Fine Structure (NEXAFS)
studies [25, 29–33].

In the present work, we revisit the deposition of the Zinc(II)
tetraphenylporphyrin (ZnTPP) (see molecular structure in
figure 1) on the Au(111) surface by means of STM and pho-
toemission from core levels. Although this systemwas already
studied by STM [17, 18, 20], the adsorption of the molecular
assembly on the noble metal surface needs further attention.
Our STM measurements on single layer ZnTPP evidence a
highly ordered molecular network allowing to identify the unit
cell vectors of the system, as well as strong dis-homogeneity in
the local charge distribution. These results, supported by pho-
toemission experiments are in contrast with previous results
[18], and may be explained in term of a peculiar adsorption
geometry of the ZnTPP on the Au(111) surface. Furthermore,
for higher molecular coverages, STM analysis shows that the
second layer of the ZnTPP molecules is epitaxially formed on
the first one. A weak interaction between the first layers is
proved by diffusion effects first observed on this system, as

Figure 1. Molecular structure of the ZnTPP molecule, which
exhibits the zinc at the center of the macrocycle, and four phenyl
groups.

well as by the evolution of photoemission spectra in the few-
layer regime.

2. Experimental section

STM measurements were performed at ‘Laboratorio Idruri
Metallici’ (SPES Group, Department of Physics, Università
della Calabria, Italy) at room temperature (RT) and in UHV
conditions (base pressure of 5 × 10−10 mbar) with an Aar-
hus SPM 150 equipped with KolibriSensorTM from SPECS
[34] and with a Nanonis Control system. The sharp STM
W-tip was cleaned in situ via Ar+ sputtering. STM images
were also acquired at the APE beamline (Elettra Synchrotron
Light Source, Italy), at room temperature and in UHV con-
dition (base pressure of 1 × 10−10 mbar), with a home-built
STM, priorly to photoemission measurements. In the STM
images shown, the tunneling bias voltage (Ut) is referred to
the sample, whereas the tunneling current (It) is that collected
at the tip. All STM images were processed using the WSxM
software (8.3 version) [35] and by a home-made routine for
the determination of mesh averaged images. We note that all
the presented STM results were reproduced in two different
experimental setups.

All core levels and valence band spectra were recorded at
room temperature and in normal emission geometry. Photoe-
mission data have been normalized to the background after
the subtraction of a Shirley function. The Au(111) surface
(Phasis, Au(111) on mica with 200 nm of thick gold layer,
99.99% purity), was cleaned by several cycles of Ar+ sput-
tering (Isample = 6 µA for 20 min) followed by annealing
(T= 723 K for 20 min). The cleanliness quality of the pristine
gold surface was verified with both STM and photoemis-
sion measurements. ZnTPP molecules (Porphyrin Systems,
Zn(II) meso-tetraphenylporphine >98% purity) were depos-
ited at room temperature on Au(111) by organic molecu-
lar beam deposition at a pressure of 3 × 10−8 mbar using
a home-built evaporator. The evaporation temperature range
was 553 K–573 K,while the deposition rate was set to 1mono-
layer/10 min (here 1 monolayer (ML) is the molecular cov-
erage necessary to fully cover the substrate). The monolayer
coverage was obtained by a single dose deposition of ZnTPP
molecules on Au(111), while few-layers coverage samples
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Figure 2. (a) 85 × 36 nm2 RT-STM image of ZnTPP/Au(111) at
submonolayer coverage (∼0.4 ML). Tunneling parameters:
Ut = 0.95 V, It = 0.1 nA. (b) 85 × 56 nm2 RT-STM image
depicting three main rotated domains (labelled 1, 2 and 3) of ZnTPP
on Au(111). The white two-headed arrows mark the direction of one
molecular axis unit cell. Additional domains (labelled ∗ and •) are
also observed. The molecular coverage is (1.1± 0.1) ML. Tunneling
parameters: Ut = 1.2 V, It = 0.1 nA. (c) Fourier analysis of the
region enclosed by the white rectangular box in panel (b). Blue
arrows and green circles highlight the diffraction spots relative to the
herringbone (panel (d)) and of the molecular assembly (panel (e)).

were the results of distinct depositions of different molecular
doses, starting from the monolayer deposition. The samples at
sub-monolayer coverage consisted of a single molecular dose
deposition of ZnTPP at surface. All molecular coverages were
estimated by measuring the intensity ratio between the N 1 s
and Au 4 f photoemission peaks, through comparison with the
corresponding STM images at the monolayer regime.

3. Results and discussion

The Au(111) surface was carefully characterized by STM,
priorly to ZnTPP deposition. The pristine sample sur-
face presents flat and large terraces, up to 200 nm,
separated by steps of about 2.3 Å in height (see
figure S1(a) in the supplementary material (available at
stacks.iop.org/Nano/31/365603/mmedia)). High-resolution
STM images reveal the typical long-range herringbone recon-
struction of the Au(111) surface (see figure S1(b) in the sup-
plementary material). It is known that the energy of the surface
layer is reduced by formation of periodic regions in which
Au atoms occupy alternatively face-centered-cubic (fcc) and
hexagonal closed-packed (hcp) sites, with the former being
energetically more favorable [36]. In the interface between
these regions, Au atoms occupy bridge-sites which appear
as bright stripes (called soliton walls or discommensuration
lines) in the STM image (see inset of figure S1(b) in the sup-
plementary material).

Figure 2(a) presents an STM image collected by depos-
iting a submonolayer of ZnTPP on Au(111) surface. The
molecules form mainly single-layer islands characterized by a

highly ordered and well-defined assembly. Interestingly, rel-
atively small brighter regions of second layer ZnTPP are also
observed. At submonolayer coverages (0.3–0.4ML), the num-
ber of molecules of the second layer islands is about 10% of
the first layer molecules. By increasing the amount of depos-
ited ZnTPP, the molecular islands grow their lateral size and
start to coalesce until the whole metallic surface is covered
by about one monolayer, as shown in figure 2(b). Three dis-
tinct main domains are observed (labelled 1, 2 and 3) rotated
one with respect to the other by 30◦ ± 2◦ (see figure S2 in the
supplementary material). Additional ZnTPP domains (marked
with ∗ and • in figure 2(b)) rotated by about 90◦ with respect to
the main ones are also observed. The underlying herringbone
structure cannot be resolved due to the positive bias voltage
between the STM tip and the sample. However, through Four-
ier analysis (see figure 2(c)), it is possible to visualize the
herringbone reconstruction beneath the molecular network, as
displayed in figure 2(d). The spacing between two equivalent
soliton walls is (65 ± 3) Å, in agreement with previous works
[37–39]. In addition, we can estimate the angle θ = 19◦ ± 2◦

between the soliton walls and the major axis of the molecular
lattice (see figure 2(e)).

Figure 3(a) shows a high-resolution STM image for
(1.1 ± 0.1) ML of a single-domain ZnTPP on Au(111). This
measurement proves that the molecules self-assemble in a
molecular pattern with a nearly square unit cell. The lattice
parameters of the molecular network, estimated by means
of a statistical analysis on the self-correlated pictures (see
figure S3 in the supplementary material), are a= (14.0± 0.2)
Å, b = (13.6 ± 0.2) Å and θ = 89.0◦ ± 0.8◦ (dens-
ity: 0.53 molecules nm−2), in good agreement with previous
works [17, 18, 20]. Figure 3(b) presents a mesh averaged
image from the STM data shown in figure 3(a), i.e. obtained
by summing over several unit cells of the overlayer ZnTPP
molecules lattice (more than 70 single unit cell in the present
case) by taking into account its periodicity. This procedure
increases the signal to noise ratio of the STM measurement
allowing a detailed identification of the molecule’s contour. In
particular, the pyrrole subunits of each molecule can be eas-
ily identified, along with the T-shape (perpendicular) bonding
between adjacent molecules [17–19]. For the tunneling para-
meters here used (positive bias voltages), the STM probes the
empty electronic states. Since each Zn ion has filled d states
(3d10) centred at about 10 eV binding energy (see discussion
below), the contribution of the metal ions to the tunneling cur-
rent is expected to be irrelevant at ∼1 eV below the Fermi
level, causing the Zn ions to appear as a dark spots at the
centre of the ZnTTP molecule [18, 20]. Though, for a proper
understanding of the metallic ion contrast as a function of the
bias voltage, the interaction between the Zn ion and the mac-
rocycle, the substrate, and the STM tip must be considered
[40, 41]. On the other hand, we are able to prove that the
pyrrole subunits of the molecules macrocycle exhibit different
contrast, with the four subunits displaying distinct intensity.
This result implies a loss of themolecular D4 h symmetrywhen
adsorbed on the Au(111) surface. This non-homogeneity of
the local charge distribution may results by a peculiar interac-
tion between the metallic substrate and the organic molecules,
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Figure 3. (a) 25 × 25 nm2 RT-STM image of (1.1 ± 0.1) ML of
ZnTPP on Au(111). a, b and θ are the unit cell parameters.
Tunneling parameters: Ut = 0.9 V, It = 0.1 nA. Inset: FFT analysis
of the STM acquisition; A, B and Θ are the lattice parameters in the
reciprocal space. (b) Mesh averaged molecular layer image gained
by STM acquisitions; the ZnTPP molecular model is superimposed
on it. (c) Model of the Au(111) reconstructed surface along with the
ZnTPP molecular assembly. In the schematic representation of the
ZnTPP molecules, red dots represent Zn atoms, full circles the
pyrrole groups, and crosses the phenyl units.

but may also stems from a specific molecular adsorption geo-
metry. Though previous study [18] suggests that the centre
of ZnTPP molecules occupy the top site of Au surface atoms
with the pyrrole and phenyl groups located in hollow sites, we
propose here a different adsorption configuration supported by
our results.

In figure 3(c) we present a sketch of the Au(111) sur-
face with ZnTPP molecules adsorbed. To simulate the sur-
face reconstruction, the next-nearest neighbour (NNN) dis-
tance of the Au atoms has been compressed by 4.4% along
the

[
11̄0

]
direction with respect to the NNN distance in bulk

atoms [37–39]. The herringbone unit cell has thus vectors of
63 Å and 4.7 Å in the

[
11̄0

]
and

[
112̄

]
direction, respectively.

The soliton walls are represented by white stripes running par-
allel to the

[
112̄

]
direction. Assuming the dimension of the

adsorbed molecules as the one of the free molecule, 18 Å,
by taking into account the experimental misorientation angle
(19◦) between the major axis of the molecules and the soliton
walls, and the size of the unit cell vectors, we have tested
several possible adsorption geometries. From this analysis we
infer that the only configuration which is consistent with the
STMfindings, is to position the Zn atoms on the bridge-sites of

Figure 4. (a)–(b) Consecutive RT-STM images of the same
30 × 30 nm2 area of ZnTPP on Au(111); the molecular coverage
was (1.3 ± 0.1) ML and the tunneling parameters Ut = 1.1 V,
It = 0.1 nA. The inset in (a) is the Fourier analysis of the
corresponding image.

theAu surface atoms (see figure 3(c)). The proposedmolecular
network has a unit cell vectors that differ by less than 3% from
the experimental ones. In this configuration, the four pyrrole
groups occupy non-equivalent sites. This finding, may well
explain the non-homogeneity of the local charge distribution
of pyrrole subunits observed in figure 3(b). On the other hand,
the phenyl units are found close to the hollow sites.

Both figure 2(b) for the submonolayer case and figure 3(a)
for a 1.1 monolayer case, evidence second layer molecules
imaged as bright spots on top of the first layer lattice,
which increase in number with the amount of the deposited
molecules. Figure 4(a) presents an STM image for (1.3± 0.1)
ML of ZnTPP showing that second layer molecules grow epi-
taxially over the first layer. Each second layer molecule is in
fact found on top of a molecular site of the first layer. A cross-
sectional profile along the molecules of the first and second
layers is shown in figure S4 (see the supplementary mater-
ial). The well-defined spots of Fourier analysis (see inset in
figure 4(a)) confirms that the first and second molecular layer
share the same lattice parameters. For what concerns the inter-
action between the first and the second layer of ZnTPP, the
STM images collected one after the other on the same sample
area and shown in figures 4(a) and (b) demonstrate that 2nd
layer molecules moved to a different position after the first
image was collected, as indicated by the black/blue circles in
figure 4, pointing to van der Waals interaction.

Although the diffusion phenomenon is well-known and
widely studied for organic molecules at metal surfaces
[42, 43], to the best of our knowledge, this is the first time that
this effect is observed for this particular system. We further
note that the tip-surface interaction can favour the molecular
diffusion [44–48]; however, in this work, the tunneling para-
meters used during the STM acquisitions are not expected to
destabilize the molecular overlayer.

To investigate more in detail the molecule-substrate sys-
tem, we have carried out photoemission experiments as a func-
tion of molecular coverage (from the sub-monolayer regime
up to about 3 ML of thickness). In this context, the N 1 s
core level peak can provide useful information concerning the
ZnTPP adsorption configuration and possible distortions, as
four N atoms are bound to the central metal ion as well as
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Figure 5. (a) N 1 s photoemission peaks as a function of the ZnTPP
coverage on Au(111). In the inset, quantitative analysis of N 1 s
components as a function of molecular coverage. All photoemission
spectra were fitted by using Voigt profile shapes, after Shirley
background subtraction; (b) valence band spectra of clean and
ZnTTP-covered Au(111). N 1 s and valence band spectra were taken
at 510 eV and 450 eV, respectively, of photon energy.

to the carbon ring skeleton (see figure 1). Figure 5(a) shows
the evolution of the N 1 s state as a function of ZnTPP cov-
erage. Already in the sub-monolayer regime (∼0.3 ML), the
N 1 s peak is split into two main broad components separ-
ated by about 1.8 eV, as opposed to weakly-interacting ‘thick’
molecular films of ZnTPP where a single component centered
at 398.5 eV of binding energy (BE) is found [31]. The feature
at lower binding energy (blue in figure 5(a)) exhibits a shift
from 397.8 eV at ∼0.3 ML to about 398.3 eV at (3.2 ± 0.1)
ML. We ascribe this shift to an improved polarization screen-
ing of the core hole in thinner films [31].

A similar shift was also observed in our systems for C 1 s
spectra (see figure S5 in the supplementary material). At the
highest coverage, by comparing the N 1 s BE value of the
prominent component with that recorded for a thick ZnTPP
film [31], we estimate a few-layer regime rather than a mul-
tilayer one. On the other hand, the higher binding energy com-
ponent (red in figure 5(a)) is centered at (399.7 ± 0.2) eV
regardless of the coverage, but the peak area tends towards sat-
uration just above 1 ML coverage (red squares in the inset of
figure 5(a)). In the inset of figure 5(a), we also report the N 1 s
total area, displaying the expected linear trend with increasing
ZnTPP coverage.

These results are similar to the adsorption of 1 ML ZnTPP
molecules on Ag(110) where the two components are separ-
ated by 0.37 eV [31]. The two N 1 s components have been
attributed either to a saddle-distortion of the macrocycle or
to a breaking of the D4 h symmetry of the ZnTPP molecule,
yielding different adsorption sites of N atoms on the rect-
angular substrate [31]. In metal free porphyrins, two well-
resolved components of equal intensity separated by about
2 eV appearing the N 1 s photoemission line, attributed to
aminic (−NH−) and iminic (=N−) nitrogen [49]. In ana-
logy with these systems, we tentatively assign the two N 1 s

components in the Au(111) surface observed in the sub- and
mono-layer regime to the coexistence of different chemical
environments of the four nitrogen atomswithin themacrocycle
[25, 31], consistently with the inhomogeneous local charge
distribution observed by STM. For increasing coverages, the
adsorbed molecules partly recover the D4h symmetry and the
N 1 s line shape approaches that of a free molecule.

Figure 5(b) displays the valence band spectra of ZnTTP on
Au(111) for increasing coverages. The clean Au(111) spec-
trum is shown for comparison as bottom curve of figure 5(b).
The Zn 3d peak exhibits a relatively broad feature at all cov-
erage similarly to ZnTPP on nanostructured TiO2 [50]. The
binding energy of the 3d states is centered at about 9.8 eV
for (1.3 ± 0.1) ML ZnTPP and shifts toward higher BE for
increasing coverage due to final state effects. Except for the
Zn 3d photoemission states, other ZnTPP related features can-
not be singularly resolved as they overlap with gold states.
However, clear modifications of the substrate valence band for
increasing molecular coverage are observed. In particular, the
ZnTPP highest occupied molecular orbitals at ∼2.0 eV and
the mesophenyl-related structures at ∼3.0 eV [51] affect the
energy and line-shapes of the Au structures in the energy range
between 2.0 and 6.0 eV (see figure S6 in the supplementary
material).

4. Conclusion

In this work, the deposition of ZnTPP molecules on the
Au(111) substrate was revisited by using a combination of
STM imaging and core levels photoemission measurements.
We have shown that ZnTPP forms highly ordered and well
defined assembly on the Au(111) surface. Through a detailed
investigation we were able to determine the lattice paramet-
ers of the molecular network and estimate the misorienta-
tion angle between the major axis of the molecules and the
soliton walls. These results allowed us to determine the ZnTPP
adsorption geometry showing a peculiar arrangement of the
ZnTPP molecular network, with Zn atoms occupying the
bridge sites of the Au surface atoms. Photoemission from core
levels performed as a function of the molecular coverage sup-
port the STM findings. In particular, the strong inhomogeneity
of local charge distribution of the pyrrole moieties observed by
STM is reflected on the line-shape and binding energy of the
N 1 s structure. For higher molecular coverage, STMmeasure-
ments proves that the second layer grows epitaxially with the
ZnTPP monolayer. The observed molecular mobility, never
reported for this specific system, suggests that the first molecu-
lar layer may act as an interface layer allowing the growth of
weakly interacting additional organic layers.
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