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Abstract 
The room temperature growth and ordering of (porphyrinato)nickel(II) (nickel(II) porphine, 
NiP) molecules on the Ag/Si(111)-(√3 × √3)R30º surface have been investigated using 
scanning tunnelling microscopy/spectroscopy (STM/STS) and low-energy electron diffraction 
(LEED). Results indicate a well-ordered molecular layer in which the porphyrin molecules 
have a flat orientation with the molecular plane lying parallel to the substrate and forming a 
hexagonal overlayer on the surface. STM and LEED data obtained from one monolayer (ML) 
of the NiP on the Ag/Si(111)-(√3 × √3)R30º surface show the formation of two well-ordered 
mirror domains each rotated either clockwise or counterclockwise by 7º with respect to the 
substrate. A hexagonal Moiré pattern was observed for the NiP overlayer due to long-range 
variation in overlayer - substrate distance. It was found that the existence of such azimuthal 
rotation and the Moiré pattern are caused by a lattice mismatch between the substrate and the 
molecular overlayer, and a corresponding model is proposed. The NiP molecules forming the 
second monolayer maintain the same planarity and hexagonal ordering as the first molecular 
layer. Scanning tunnelling spectroscopy data obtained from the NiP overlayer on the 
Ag/Si(111)-(√3 × √3)R30º surface show good agreement with density functional theory 
calculations. 

1. Introduction 
Porphyrins represent a class of flexible molecules with a nearly square planar core conformation and a 
two-dimensional conjugated π-electron delocalization [1-3]. Due to their interesting physicochemical 
properties porphyrins are utilized in many technological applications such as molecular optoelectronic 
gates, molecular wires, photo-inducible energy or electron transfer systems, light-harvesting arrays for 
solar energy generation, one-dimensional conductors and semiconductors, enzyme models, oxidation 
catalysts, sensors, nonlinear optics and nanomaterials [2-7]. In particular, 3d transition metal (TM) 
porphyrins are widely used in the applications mentioned above, due to their unique electronic 
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structure, which has been a subject of intense experimental and theoretical research during the last 
decade [8-12]. The central part of these complexes, including the 3d-atom and its nearest neighbours, 
is known to be their most reactive component essentially responsible for the interesting properties 
exhibited by these compounds. 

An important challenge in nanoscience is the ability to control the assembly of functional 
molecular species into complex supramolecular structures. This controlled assembly of nanostructures 
offers a number of powerful approaches for the development of molecule-based devices [13]. An 
understanding of the porphyrin/inorganic interface with specific electrochemical or photochemical 
properties is a critical element required for optimizing their use in this area and in realizing new types 
of organic molecular devices, especially for photovoltaic applications. Of particular interest are the 
nature of the bonding between the porphyrin molecules and the surface, as reflected in the electronic 
charge distribution, and their geometric configuration at the interface. This information can be 
obtained by using a combination of scanning tunnelling microscopy and spectroscopy (STM and STS). 
STM is a highly local technique that has become a powerful tool for studying the adsorption geometry 
and the conformation and dynamics of single organic molecules and molecular assemblies on 
conducting substrates [14-23]. However, while these images elucidate the topographic structure of the 
interface, they provide little information about its electronic properties. STS, which involves 
measuring the tunnelling current at fixed tip-surface separation as the bias voltage is systematically 
varied (I(V) spectroscopy), is one of the best tools for probing local electronic structure with molecular 
spatial resolution. STS is unique in that it allows both the filled and empty state density at the surface 
to be probed in a single measurement providing local density of states information close to the Fermi 
level. This information is vital for understanding the properties of these 3d compounds and their 
utilization in molecular electronic devices. 

In the present work by using STM and LEED we focus for the first time on the molecular self-
assembly of (porphyrinato)nickel(II) (NiP) on the Ag/Si(111)-(√3 × √3)R30º surface in the 
submonolayer to several monolayers regimes in order to reveal the conformational behaviour of NiP 
molecules. STS is utilised to obtain information about the local density of states. The results of this 
work yield important information about the electronic and structural properties of the Ni(II) porphine 
molecules adsorbed on the Ag/Si(111)-(√3 × √3)R30º surface. 
 
2. Experimental 
The STM/STS experiments were performed at room temperature (RT), using a commercial instrument 
(Omicron Nanotechnology GmbH), in an ultra-high-vacuum (UHV) system consisting of an analysis 
chamber (with a base pressure of 2×10-11 mbar) and a preparation chamber (5×10-11 mbar). An 
electrochemically etched polycrystalline tungsten tip was used to record STM images in constant 
current mode. The voltage Vsample corresponds to the sample bias with respect to the tip. No drift 
corrections have been applied to any of the STM images presented in this paper. The Si(111) substrate 
was p-type boron-doped with a resistivity in the range 0.1 – 1.0 Ω.cm. Atomically clean Si(111)-(7 × 
7) surfaces were prepared by in situ direct current heating to 1520 K after the samples were first 
degassed at 870 K for 12 hours. The clean Si(111)-(7 × 7) surface was checked by low-energy electron 
diffraction (LEED) and STM before preparation of the Ag/Si(111)-(√3 × √3)R30º surface. Silver 
(Goodfellow Metals, 5 N) was deposited by e-beam evaporation from a molybdenum crucible onto the 
Si substrate, which was maintained at 770 K during the deposition. The cleanliness of the Ag/Si(111)-
(√3 × √3)R30º surface was verified by STM and LEED before deposition of the nickel(II) porphine. 

Ni(II) porphine was synthesized according to a published procedure [24]. The NiP was evaporated 
in a preparation chamber isolated from the STM chamber at a rate of about 0.2 ML (monolayer) per 
minute from a tantalum crucible in a homemade deposition cell operated at a temperature of 
approximately 600 K. The total pressure during porphyrin deposition was in the 10-10 mbar range. 
Before evaporation the NiP powder was degassed for about 10 h to remove water vapour. 

Tunnelling spectra were acquired on a grid of specified points within an image. At each grid point 
the scan is interrupted during imaging; the feedback loop is switched off for I(V) spectroscopy and, 



after a short delay time to allow stabilization of the current preamplifier, a voltage ramp is applied. In 
between the grid points the feedback is on and the STM operates in constant current mode. While 
recording I(V) spectra it was ensured that current measurements did not exceed the dynamic range of 
the current preamplifier. Before and after I(V) or z(V) spectra acquisition the quality of the surface was 
verified by STM imaging to ensure that no damage was done to the measured layer. 
 
3. Results and discussion 
Silver deposited on the Si(111)-(7 × 7) surface at elevated temperatures forms a (√3 × √3)R30º 
reconstruction [25, 26]. At room temperature the clean Ag/Si(111)-(√3 × √3)R30º surface is well 
described by the honeycomb-chain-trimer model [25, 26]. The average length of the unit cell is 0.67 ± 
0.05 nm [19, 20]. The clean Ag/Si(111)-(√3 × √3)R30º surface was used as the substrate for the 
preparation of ultrathin (porphyrinato)nickel(II) layers. The Ag/Si(111)-(√3 × √3)R30º was chosen 
since the porphyrin-substrate interaction is expected to be intermediate in strength between that on the 
clean Si surfaces and hydrogen passivated Si. On the former surfaces the molecules form covalent 
bonds and are unable to diffuse at room temperature [27], while on the latter the molecules diffuse 
freely and may form islands [28]. 
 

 
 
 

 
 
 
 

 

Figure 1. STM images taken from 1 ML of the NiP on the Ag/Si(111)-(√3 × √3)R30º surface. (a) It = 
0.025 nA, Vsample = -1.0 V, size 50 nm × 50 nm. (b) It = 0.05 nA, Vsample = -2.0 V, size 20 nm × 20 nm. The 
unit cell of the NiP overlayer is shown in black. 

 
Figure 1 shows typical occupied state STM images of a single domain taken from approximately 1 

ML of the NiP on the Ag/Si(111)-(√3 × √3)R30º surface. The individual molecules appear as bright 
protrusions. NiP deposits on the surface forming large molecular domains (approximately 200 nm × 
200 nm) with a well-defined hexagonal close packed structure as clearly seen in figure 1. The 
formation of ordered domains of this extent indicates the presence of a strong intermolecular 
interaction, involving the hydrogen atoms of neighbouring NiP molecules, as well as the low diffusion 
barrier for the molecules on this surface at room temperature. In turn, a weaker bonding between NiP 
molecules and the substrate occurs through the molecular π-electron system. In the NiP overlayer each 
molecule has a flat orientation on the surface with the molecular plane lying parallel to the substrate 
and surrounded by six neighbouring molecules. The unit cell of the NiP lattice (shown in black in 
figure 1b) contains one NiP molecule and has the following parameters: the unit cell vectors (a and b) 
are equal to 1.13 ± 0.05 nm, while the angle between them is 120º ± 1º, forming a hexagonal close 
packed structure. The apparent size of an individual NiP molecule is approximately 1.1 nm. 
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Figure 2. STM dual scan mode images obtained from 1 ML of the NiP on the Ag/Si(111)-(√3 × √3)R30º 
surface. Images (a) and (c) are obtained in forward scan direction, It = 0.25 nA, Vsample = -0.20 V, size 10 
nm × 10 nm. Images (b) and (d) are obtained in backward scan direction, It = 0.25 nA, Vsample = -1.40 V, 
size 10 nm × 10 nm. Images (a) and (b) represent the NiP domain rotated clockwise with respect to the 
substrate. Images (c) and (d) represent the NiP domain rotated counterclockwise. The unit cells and close-
packed directions are shown in black (substrate) and white (NiP overlayer). 

 
Dual scan mode STM, where surface topography can be obtained in both forward and backward 

scan directions, was exploited to obtain information about the ordering of the NiP overlayer relative to 
the substrate. By choosing appropriate sample bias conditions in this scanning mode both the 
overlayer and the substrate can be imaged simultaneously. Examples of dual scan mode STM images 
obtained from the NiP overlayer on the Ag/Si(111)-(√3 × √3)R30º surface are shown in figure 2. In 
this case using a small sample bias (-0.2 V) in the energy gap between the highest occupied (HOMO) 
and the lowest unoccupied molecular orbitals (LUMO) of the NiP molecule for the forward scan 
direction it was possible to image the Ag/Si(111)-(√3 × √3)R30º substrate through molecular overlayer 
which appears transparent (figures 2a and 2c). The image formed at the same time in the backward 
scan direction, with a sample bias of -1.40 V, shows a typical NiP hexagonal overlayer structure 
(figures 2b and 2d). From these images it was found that the angle φ between the lattice vectors of the 
Ag/Si(111)-(√3 × √3)R30º substrate and the NiP overlayer is equal to 7º ± 1º. This results from the 
lattice mismatch between the substrate and molecular overlayer. The unit cell of the NiP overlayer 
(1.13 nm) was found to be 15 per cent smaller than twice the unit cell of the substrate (0.67 nm). The 
inter-molecular bonding appears to be stronger than molecule-substrate bonding which is usual for low 
reactivity substrates such as the Ag passivated Si. This low reactivity of the substrate allows the 
deposited NiP molecules to be quite mobile. It makes room temperature STM imaging of the 
molecules difficult at low surface coverage, because individual molecules can be easily dragged by 
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STM tip. Such mobility on the surface and the presence of strong intermolecular interaction make the 
formation of a close packed layer favourable. In turn, this close packed layer is weakly bonded to the 
Ag/Si(111)-(√3 × √3)R30º surface. Thus, the lateral intermolecular interactions dominate over site-
specific adsorption on the substrate leading to azimuthal rotation of the NiP molecular domains 
mediated by the interaction with the Ag/Si(111)-(√3 × √3)R30º surface in order to minimize the 
inequivalent number of adsorption sites. 
 

  

Figure 3. LEED pattern from 1 ML of the NiP on the Ag/Si(111)-(√3 × √3)R30º surface acquired at a 
kinetic energy of 14.8 eV (a). The black and white hexagons represent the two NiP domains rotated 
clockwise and counterclockwise relative to the substrate. The angle Φ between two domains is equal to 
14º. Schematic representation of the NiP overlayer (clockwise rotated domain) superimposed on a STM 
image of the Ag/Si(111)-(√3 × √3)R30º surface (b). The substrate and the molecular overlayer unit cells 
are shown in white. The angle φ between them is equal to 7º. 

 
Two well-ordered domains of NiP, having a threefold symmetry, were observed. Each NiP domain 

was rotated either clockwise or counterclockwise by 7º with respect to the substrate as shown in figure 
2. These two domains are mirror images of each other, with the mirror plane perpendicular to the 
surface and aligned along the close-packed direction of the latter. Furthermore, the LEED pattern 
obtained from 1 ML of the NiP on the Ag/Si(111)-(√3 × √3)R30º surface shows two sets of diffraction 
spots each forming a hexagonal pattern (see figure 3a). These hexagonal patterns represent two mirror 
NiP domains, confirming the dual scan mode STM observations. The angle Φ between two hexagons 
observed in the LEED pattern is equal to 14º, which is in excellent agreement with data obtained from 
STM dual scan mode images. Measurements of the lattice constants of the NiP overlayer, determined 
from a comparative analysis of LEED images from the overlayer and the substrate, are in agreement 
with the values obtained by STM. The clarity of the LEED pattern indicates the presence of a highly 
ordered NiP surface. A corresponding model for the NiP molecular overlayer (in the case of the 
clockwise rotated domain) was proposed and is shown in figure 3b. 

Figure 4a shows a long range intensity modulation, a hexagonal Moiré pattern with periodicity of 
approximately 4.5 nm, observed in large area scans of the NiP overlayer. A similar Moiré pattern is 
also visible in figure 1a. In both images two hexagonal structures coexist, one with a short periodicity 
and a second with a longer periodicity. The short-periodicity hexagonal structure is due to the NiP 
molecules while the long-periodicity, Moiré structure, is observed as a periodic modulation in the 
apparent height of the molecules produced by the superposition of the hexagonal NiP lattice on the 
underlying hexagonal lattice of the Ag/Si(111)-(√3 × √3)R30º substrate. The presence of a low 
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diffusion barrier and Moiré patterning indicates weak site-specific coupling of the molecular overlayer 
with the underlying substrate. 

 

 

 

Figure 4. STM image taken from 1 ML of the NiP on the Ag/Si(111)-(√3 × √3)R30º surface showing 
Moiré pattern (a). It = 0.5 nA, Vsample = -1.4 V, size 40 nm × 40 nm. STM image taken from 2 ML of the 
NiP on the Ag/Si(111)-(√3 × √3)R30º surface (b). It = 0.75 nA, Vsample = -1.75 V, size 45 nm × 45 nm. 

 
Previous STM observations of substituted porphyrin molecules performed to date on different 

substrates show a complex behaviour and ordering of the molecules, which depends on the substrate 
reactivity and the nature of the outer substituents attached to the porphyrin macrocycle [15-18, 21-23, 
29, 30]. On passive substrates such as highly oriented pyrolytic graphite (HOPG), silver and gold 
porphyrin molecules form an oblique [15-17, 21-23, 29], hexagonal [17, 18] and square [23, 30] close-
packed structures or elongated molecular-like wires [22]. In the case of 5,10,15,20-
tetrapyridylporphyrins adsorbed on the Ag(111) surface [29] and 5,10,15,20-tetra(3,5-bis-tert-
butylphenyl)porphyrins adsorbed on the Cu(100) surface [30] two mirror molecular domains were 
observed azimuthally rotated with respect to the substrate similar to the NiP case. For both substituted 
porphyrin molecules the formation and azimuthal rotation of such close-packed domains was mediated 
by rotation and tilt of substituents attached to the porphyrin macrocycle and by molecular-substrate 
interaction, respectively. Furthermore, the tetrapyridylporphyrin layer on the Ag(111) surface shows 
quasihexagonal Moiré pattern [29]. 

Figure 4b shows a typical occupied state STM image taken from approximately 2 ML of the NiP 
on the Ag/Si(111)-(√3 × √3)R30º surface. It is clearly seen that the second NiP layer preserves the 
same planarity and hexagonal ordering as the first molecular layer. 

Figure 5 shows a comparison between the normalized conductivity spectrum (dI/dV)/(I/V) and the 
z(V) spectra recorded from the NiP overlayer on the Ag/Si(111)-(√3 × √3)R30º surface. The 
normalized conductivity spectrum was obtained by numerical differentiation of the I(V) spectrum and 
is proportional to the density of states. Each spectrum is the result of averaging over a few hundred 
spectra taken within an image using a grid of specified points. Spectra 1 and 2 were recorded over the 
area of the image shown in figure 2b. The normalized conductivity spectrum shows two prominent 
features observed at -1.2 V and 0.9 V representing the highest occupied and lowest unoccupied 
electronic states, respectively. Furthermore, this spectrum shows good agreement with the spectrum 
representing the difference between z(V) spectra taken from the NiP overlayer and the Ag/Si(111)-(√3 
× √3)R30º surface. The following peak assignment can be made by comparing these results with 
electronic structure calculations using density functional theory [9, 10]. The peak observed at -1.2 eV 

8.0nm
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corresponds to the HOMO having a1g symmetry. The unoccupied state situated at 0.9 eV is the LUMO 
having b1g symmetry. The HOMO-LUMO band gap of the NiP obtained from STS data is equal to 2.1 
eV, which is in excellent agreement with theoretical calculations [9, 10] and optical band gap 
measurements [24, 31]. 
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Figure 5. Normalized conductivity 
(dI/dV)/(I/V) and z(V) spectra 
recorded from 1 ML of the NiP on 
the Ag/Si(111)-(√3 × √3)R30º 
surface (spectra 1 and 2, 
respectively). z(V) spectrum from 
the clean Ag/Si(111)-(√3 × 
√3)R30º surface is shown in open 
triangles (spectrum 3). Spectrum 4 
represents the difference between 
z(V) spectra taken from the 
molecular overlayer and the 
substrate. 

 
In conclusion, the room temperature growth and ordering of (porphyrinato)nickel(II) on the 

Ag/Si(111)-(√3 × √3)R30º surface have been investigated using STM, STS and LEED. A well-ordered 
molecular layer was obtained in which the NiP molecules have a flat orientation with the molecular 
planes lying parallel to the surface and form a hexagonal structure. STM and LEED data obtained 
from 1 ML of the NiP on the Ag/Si(111)-(√3 × √3)R30º surface show the formation of two 
hexagonally ordered mirror domains each rotated either clockwise or counterclockwise by 7º with 
respect to the substrate which is caused by a lattice mismatch between the substrate and the molecular 
overlayer. The lateral intermolecular interactions dominate over site-specific adsorption on the 
substrate leading to this azimuthal rotation in order to minimize the inequivalent number of adsorption 
sites and the local variation in overlayer - substrate distance. STS data obtained from one monolayer 
of the NiP on the Ag/Si(111)-(√3 × √3)R30º surface show good agreement with density functional 
theory calculations. 
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