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ABSTRACT

One of the tools for topographic characterization is Scanning Probe Microscopy (SPM). For the morphological studies of gold 
substrates with face 111 [Au (111)] and Highly Ordered Pyrolytic Graphite (HOPG) Atomic Force Microscopy (AFM) and 
Tunneling Effect Microscopy (STM) were used. As a result of the visualization and characterization of the Au (111) substrate 
we have: gold grains with measurements of 359 nm from AFM and gold terraces with heights of 0.2 nm by STM. In the HOPG 
substrate we observed by AFM terraces with measurements of 0.359 nm and by STM carbon atoms with interatomic distances 
of 0.2727 nm.
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INTRODUCTION

There is a wide variety of substrates suitable to be visualized with 
AFM and STM. Among the main criteria taken into account 
for their study are the possible contamination problems that 
may occur during the experimental work, that their properties 
are homogeneous over the entire surface and that they are free 
of possible defects, that they are flat and no more than five 
micrometers in roughness [1].

Material growth studies usually consist of the controlled deposition 
of a given number of atoms or molecules on a well-characterized 
crystalline substrate, usually single crystal or highly oriented surface. 
Some frequently used substrates are graphite, silver, platinum, and 
gold in the form of solid crystals or thin films.

The description of the growth mechanisms at the atomic scale has 
been largely based on the Terraces-Step-Klink (TSK) model (Figure 
1). In this figure, a step indicated with a red line is shown, which 
separates the upper or lower terraces in the image, and shows a 
corner site (kink) in the middle of it. On the other hand, the same 
Figure 1 shows several fundamental entities of the film growth 
such as an atom (ad-atom) and a dimer (ad-dimer) adsorbed on the 
surface of the upper or lower terraces, respectively. In addition, a 
vacancy and a four-atom island can be observed on such terraces [1,2].

Au (111) substrate

The gold surface represents an excellent substrate because it does 

not oxidize easily and remains clean for long periods of time. For 
this reason, gold is considered the most noble metal, not very 
reactive with atoms or molecules, which at the gas/liquid interface 
have a fcc (face-centered cubic cell 111) crystal structure.

Gold is an attractive substrate for surface science studies due to its 
chemical inertness, it has also become an increasingly important 
material in industrial applications due to its unique combination 
of properties; for example, its corrosion resistance, which makes it 
the ideal metal for electrical contacts and its potential applications 
in heterogeneous catalysis. The availability of high-quality 
oriented substrate surface is a key element in the preparation of 
nanostructures with tunable properties. One can approach this 
task with the highest precision and through self-organization on 

 
accumulation of gold atoms that form grains. These have an 
approximate dimension of 3. 238 µm, however, the last layers of 
the upper part are formed by steps or long terraces with surface 
(111).

The herringbone reconstruction of Au (111), is a classic example of 
a substrate surface that offers well-ordered matrix adsorption sites 
[3-7].

The hydrophilic character of the clean Au (111) surface [4] is 
supported by the experimental work of Haywar and Trapnel, carried 
out in 1964; where it was shown that the elements of the periodic 
table have different reactivities with gases, except gold, which has 
no reactivity with hydrogen, oxygen and nitrogen. On the other 
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patterned substrates. The Au (111) surface is constituted by the
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hand, it does have reactivity with carbon monoxide, methanol and 

 The affinity of this metal for water gives it a hydrophilic character 
on its surface, especially on the (111) [6] side. This character is 
related to the surface tension, since the higher the surface tension, 
the more hydrophilic the material is. In the case of gold, the 
surface tension is 1410 ergs/cm2, and 72.75 ergs/cm2 in water [7]. 
The efficient test to determine the hydrophilic or hydrophobic 
character of materials is based on the contact angle between the 
liquid (water) and the metal surface. For hydrophilic surfaces, the 
contact angle should be between 0-90 degrees. A higher degree 
corresponds to hydrophobic materials (Figure 2) [8].

Highly ordered pyrolytic graphite (HOPG)

Highly ordered pyrolytic graphite (HOPG) is a two-dimensional 
solid, with strong covalent bonding in the basal planes of the 
carbon and weak Van der Waals interaction between the layers. 
HOPG is ideal for molecular imaging studies because it is a 
conductive substrate, weakly interacting, high purity (which 
provides microscopists with an atomically smooth surface), is 
characterized by sp2, the two is exponent type bonds in which 
the C-C bond length is approximately 0.142 nm and each layer 
separated by 0.335 nm (Figure 3), in the basal plane have saturated 
all carbon bonds and is extremely inert with a small energy barrier 
for adatom diffusion [9-12].

The HOPG surface forms very useful substrates for the growth of 
metal nanoparticles due to the inert nature of this surface (Figura-3). 
HOPG is selected as a substrate for the study of adsorption of 
molecules on surfaces because of its relatively weak interaction with 
the adsorbate and its easy cleavage results in large flat terraces. It 
has long been shown that organic molecules with long alkyl chains 
can be immobilized on the basal plane of HOPG [13-15].

HOPG is an ideal test for STM since atomic resolution is possible 
even in air conditions. The first controversy, the triangular symmetry 
observed in STM versus the known hexagonal HOPG structure, 
was resolved early on by taking into account that STM images are 
measurements of the electron density near the Fermi energy and 
not of the actual surface topography. Thus, the ABAB, HOPG 
stacking produces atomic symmetry breaking in two different types 
of atoms. The α atoms, with a reduced electron density around the 
Fermi level due to the presence of a direct neighbor in the subsurface 
layer, and the β atoms, which suffer the opposite effect due to the 
lack of such a neighbor. Under these conditions, STM images show 
predominantly only β atoms, giving rise to the actually observed 

HOPG structure characterized by a triangular symmetry [16-19].

The HOPG can be considered as the drosophila of surface science, 
especially for scanning probe studies. It is composed of stacked two-
dimensional hexagonal Bernal lattices with carbon atoms popularly 
known as graphene layers. Due to the weak Van der Waals bonding 
between the HOPG layer, the top layer can be displaced or rotated 
by mechanical or chemical means. It is commonly accepted that, as 
a result of the rotation of the top layer, superperiodic structures are 
called moiré patterns for HOPG surfaces [20,21].

METHODOLOGY

Specialized equipment such as; AFM innova bruker S/N 1B38A, 
STM innova bruker S/N 1B38A, stereo microscope, Milli-Q 
Millipore, as well as different specialized glassware materials were 
used in the procedures.

Au(111) substrate

On Au (111) substrate, 1.4 cm x 1.1 cm Au substrates with a 
thickness of 150 nm with (111) face were used, which consist of 
a concentrated gold film on mica plate which consists of a 100% 
polycrystalline thin layer of gold atoms in the preferential (111) 
direction (Figure 4).

The substrate does not need to be cleaned or polished, and its 
preparation consists of heating to dark red in a butane flame for 5 
minutes and cooling to room temperature. During this process the 

Figure 1: Schematic representation of the TSK model defined for a single 
cubic crystal. The white circles represent substrate atoms, and the dark 
circles are atoms adsorbed on the surface. Z. Zhang, M.G. Lagally, Science 
276, 377(1997).

Figure 2: Surface tension effects of nanostructures, Ya-Pu Zhao and Feng-
Chao Wang, Surface Tension and Chemical Potential at Nanoscale, 2600.

Figure 3: Crystal structure of graphite. The unit cell has dimensions 
a=2.46 Å and c=6.70 Å, D. Sands, Introduction to Crystallography 
(Benjamin Cummings, Reading, Mass., 1969).

water [5].
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surface takes on a morphology characterized by flat monocrystalline 
zones (terraces).

HOPG substrate

Graphite is black to the naked eye and has a layered structure (Figure 
5). Each graphene layer is composed of a planar arrangement of 
carbon atoms, forming a honeycomb [22].

RESULTS AND DISCUSSION

Visualization of single-crystalline solid substrates

Au (111) substrate: To characterize the morphology of the Au (111) 
substrate, in the experimental part the scan that was worked was 10 
micrometers with the AFM (Figure 6), where defined gold grains 
and grains in the form of islands can be seen, with a measurement 
of 359 nm.

The observed terraces of the Au substrate (111) was 0.2 nm (Figure 
7) by STM, which corresponds to the height of the Au atom.

HOPG substrate

The HOPG sample presents terraces in which a step is observed 
crossing the image diagonally; these terraces are ideal for deposition 

studies given their area. With the cross-sectional analysis, the height 
was calculated to be 1.7 nm (Figure 8, item a). The side bar of the 
image is interpreted as follows: the lighter area corresponds to the 
upper part of the image and the dark area corresponds to the lower 
part of the image, this principle is for all the images presented in 
this research (Figure 8, item b).

Figure 9 shows an atomic resolution image of the HOPG, in which 
the triangular and/or hexagonal structures, normally observed in 
STM images of graphite, are observed. The HOPG is excellent for 
the calibration of interatomic distances, and thanks to it we can 

Figure 4: Au (111) substrate mounted on the ring to be observed in AFM 
(Antonio Canseco, Lab. Nanoscience and Nanotechnology, UABJO).

Figure 5: HOPG substrate mounted on the ring to be observed in AFM 
and STM (Antonio Canseco, Lab. Nanoscience and Nanotechnology, 
UABJO.

Figure 6: Au (111) substrate at 10 um by contact mode AFM, b) Au grains 
359 nm and c) Graph of Au grain measurements (Antonio Canseco, Lab. 
Nanoscience and Nanotechnology, UABJO).

Figure 7: STM image of clean Au(111) substrate at 50 nm, with cross-
sectional analysis, b) Au(111) terraces at 0.2 nm and c) plot of terrace 
measurements (Antonio Canseco, Lab. Nanoscience and Nanotechnology, 
UABJO).
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calculate the horizontal distances of any atom or molecule under 
study.

Analysis of Au (111) and HOPG substrates

The measurements of the gold grains (Figure 6) observed from the 
AFM in contact mode were 359 nm, these results are congruent 
with those found in the literature, specifically coinciding with the 
studies developed by Zhi Hui Liu since in them they found grains 
larger than 250 nm [23,24].

The characteristic description of the growth mechanism at atomic 
scale is based on the terrace-step-corner model, [1,2] this pattern 
was observed in the Au (111) substrate by STM with a measurement 
of 0.2 nm (Figure 7) which represents the height of the gold atom.

Likewise, morphological studies of the HOPG were carried out 
using the same microscopes; as a first point, the terraces were 
observed by contact mode AFM, of which we can highlight that they 
are separated by layers of the same substrate and have a theoretical 
measurement of 0.335 nm reported by the researcher R. C. Tatar.21 
In our experiment we reported measurements of 0.333 nm (Figure 
8), which coincides with the studies developed by R. C. Tatar. In a 
second point, (Figure-9) shows a representative image of the HOPG 
atoms by STM. In the same, the hexagonal arrangement and the 
distance of the β-type atoms with measurements of 0.2727 nm can be 
appreciated. It is important to note that in the hexagonal structure 
the presence of an atom can be observed in the center, since it 
represents the layer below the first layer. This type of image and 
information has been previously recorded by various researchers, 
among others, by Moreno López [9,15]. Comparative analysis of Au 
(111) and HOPG substrates (Table 1).

CONCLUSIONS

The morphological studies observed on the single crystalline 
surfaces of Au (111) and HOPG substrates by Scanning Probe 
Microscopy were as follows: 

With AFM, gold grains of the Au (111) substrate were observed, 
which presented measurements of 359 nm. And with the STM 
gold terraces were observed presenting measurements of 0.2 nm, 
corresponding to the height of a gold atom.

In the HOPG terraces were observed by AFM, which presented 
measurements of 0.335 nm, corresponding to a monolayer of 
carbon atoms. Also by STM interatomic measurements of 0.272 nm 
were observed. It is worth mentioning that, from this experiment, 
triangular and/or hexagonal patterns were identified, which are 
characteristic of HOPG.

It should be noted that atomic resolution was obtained in both 
substrates.

Figure 8: Imagen obtained by AFM, clean HOPG terraces at 1.2 um, b) 3D 
HOPG terraces, measured at 1.7 nm and c) Graph of terrace measurements 
(Antonio Canseco, Lab. Nanoscience and Nanotechnology, UABJO).

Figure 9: STM image of the clean HOPG substrate at 5.5 nm, b) Analysis 
of the cross section and c) Graph of terrace measurements showing 0.228 
nm atoms (Antonio Canseco and Aristeo Segura, Lab. Nanoscience and 
Nanotechnology, UABJO).

Substrate Microscope Cleaning Form Literature 
parameter

Experimental 
measurement

Au (111) AFM N/A Grain 60 a 1800 
nm [23,24]

359 nm

Au (111) STM N/A Atoms 0.238 nm 
[1,2]

0.2 nm

HOPG AFM Layer 
removal

Laminate 0.335 nm 
[21]

.333 nm

HOPG STM Layer 
removal

Atoms 0.284 nm 
[9,15]

0.2727 nm

Table 1: Comparison of theoretical and experimental measurements of Au 
(111) and HOPG substrates.
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