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Initial Stages of Metal Films Growth on a SiO2-Cristobalite Surface 
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Abstract: Using the density functional theory approach and pseudopotentials we studied energetics and electron 
structures of metal layers (Al, Cu, Ni, and Cr) deposited on a cristobalite surface. We have found that the properties of 
the first adsorbed layers decide by interaction of metal atoms with oxygen atoms of a substrate surface. Aluminum as an 
easily oxidized metal, is characterized by the high adhesion, it is followed by nickel and chromium, and copper closes the 
studied group of metals. Further plating is characterized by significant reduction of binding energy; the properties of films 
tend to properties of bulk metals. 
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1. INTRODUCTION 

The metal films deposited by various methods on 
dielectric substrates are traditional elements of many 
electronic devices. Their properties in many respects 
depend both on a way of deposition and on nature and 
structure of a substrate. Though the main features of 
films growth are described rather well [1-3], thin details 
of these features, which act at the first steps of 
growing, remain studied not enough and demand a 
research at the atomic level. One of the essential 
moments of this problem is that growth of films of 
various metals happens miscellaneously even on the 
same substrate.  

For example, Cooley et al. [4] noted that aluminum 
does not follow the mechanism of epitaxial growth on 
WSe2 crystal surface, unlike such metals as Au, Ag, 
Cu, Pd and Co. Authors explain this effect with the fact 
that aluminum forms strong chemical bonds with 
selenium and becomes immobile on this substrate. 
Another example of the aluminum behavior during the 
films growth process was described by Lluscà et al. [5] 
who have written that the interaction of aluminum with 
SiO2 surface leads to formation of the Al2O3 interlayer. 
Satoa et al. [6] studied growth of films of copper and 
aluminum on a surface of SiO2; they have shown that 
recrystallization of aluminum films requires much 
bigger time and temperature of annealing than it is 
required for copper films. On the other hand, Ino et al. 
[7] have noted that, on the NaCl surface all studied by 
them, metals (Ni, Cu, Ag, Au, Al) successfully formed 
epitaxial films. 
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It is known that features of behavior of aluminum on 
oxide substrates (in particular on SiO2 surface) are 
qualitatively connected with its tendency to form steady 
Al2O3 compound [8-10]. However quantitative data on 
interaction of Al atoms with SiO2 are not enough. Our 
work is devoted to the comparative theoretical study of 
structure, energy and electronic states of Al, Cu, Ni and 
Cr films at the initial growth stage on the surface of 
crystalline quartz (cristobalite). Cristobalite was chosen 
as the simplest crystal form of quartz that is convenient 
for modeling. 

2. METHOD AND TECHNIQUE 

A slab of cristobalite used by us for studying of Al, 
Cu, Ni, and Cr depositions is presented in Figure 1. 
The slab contains four layers of silicon and four layers 
of oxygen in the direction of Z. Black spheres in this 
Figure are silicon atoms, small white spheres are 
oxygen atoms, big white spheres are the metal atoms 
participating in the first stage of adsorption (Me1), light-
gray spheres are atoms of the second stage of 
adsorption (Me2), dark gray spheres are atoms of the 
third stage of adsorption (Me3). The ratio of Si and O 
amounts corresponds to SiO2 stoichiometry. The slab 
periodically repeats at the XY plane that corresponds to 
modeling of an infinite plate, which surface my be 
considered as a surface of an infinite crystal. The lower 
surface of the slab is terminated by silicon atoms. 
However in reality such surface would be instantly 
oxidized in the air atmosphere. Therefore we 
investigated adsorption of metal atoms only on the 
upper surface terminated by oxygen. 

Thus, each atom of the first stage of adsorption 
(Me1) is bonded with two atoms of oxygen, each of 
which is bonded with one atom of silicon; an atom of 
the second stage of adsorption (Me2) is bonded with 
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two atoms of oxygen, each of which is bonded with one 
atom of silicon and with one atom (Me1); an atom of the 
third stage of adsorption (Me3) is bonded with one atom 
(Me1) and two atoms (Me2). 

Simulation of behavior of metal atoms on the 
cristobalite surface was carried out within the density 
functional theory [11, 12] and the pseudopotential 
approach [13]. The FHI96spin code [14] was used for 
finding of equilibrium structures, total energies, 
electronic structures and spin polarizations. 
Pseudopotentials were constructed using the FHI98PP 
package [15] and were tested on the absence of ghost 
states. Exchange-correlation interaction was calculated 
within generalized gradient approximation [16]. The 
plane wave energy cutoff was taken 40 Ry. All 
calculations were carried out with use of one k-point (γ 
point). Silicon atoms of the lower surface of a 
cristobalite slab were fixed, but all other atoms of the 
studied system had the chance to move under the 
influence of interatomic forces and to find their 
equilibrium positions. 

3. RESULTS AND DISCUSSION 

The electronic structure of the bulk cristobalite 
(SiO2-bulk) and plate (SiO2-slab) is presented in Figure 
2. We see that bulk cristobalite is a dielectric with the 
energy gap of about 6 eV, but its electronic spectrum 
has empty states situated nearby of occupied states 

and correspond to nonsaturated bonds of surface 
oxygen atoms. 

 
Figure 2: Density of electronic states of SiO2-cristobalite. A 
vertical dashed line displays the position of the Fermi level. 

Calculations consisted of several stages. At the 
preparatory stage we found an equilibrium 
configuration and total energy of a slab without putting 
metal atoms on it. At the same stage we calculated 
energies of single atoms Eat (Me), Me = Al, Cu, Ni, and 
Cr. It turned out that an Al atom had no spin 
polarization at all and that a Cu atom had a very small 
magnetic moment (0.0005 µB) while Ni and Cr atoms 
had big magnetic moments (2.0 and 4.0 µB). The pure 
cristobalite slab did not show any spin polarization. 

 
Figure 1: The schematic image of a slab of cristobalite with indication of positions for consecutive adsorption of metal atoms.  
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The bridge positions Me1, which are shown in 
Figure 1 were found as the most favorable positions for 
metal atoms at the first adsorption step for all studied 
elements. Energy of this adsorption Ead1 was calculated 
using the formula 

Ead1 =
E(sub+Me1 ) ! E(sub) ! N1 " Eat (Me)

N1
,        (1) 

where E(sub) is the substrate energy; E(sub + Me1) is 
the energy of the system consisted of the pure 
substrate and metal atoms Me1 adsorbed at the pure 
substrate; N1 is the number of metal atoms of the first 
ad-layer. Results of calculations are given in Table 1 in 
comparison to data on the atom-atom interactions of 
these metals with oxygen, Ebond(Me-O) [17-20]. 

Table 1: The First-Layer Adsorption energies Ead1 and 
Energies of Atom-Atom Interactions Ebond(Me-
O). 

 Al Cu Ni Cr 

Ead1, eV/atom 10.6 5.5 7.5 7.4 

Ebond(Me-O), eV 5.3 3.6 4.1 4.4 

 

From Table 1 it is clear that aluminum is 
characterized by the maximal energy of the first 
adsorbed atoms; and the minimal energy corresponds 
to copper. These results correlate with the known data 

on the energy of interaction of these metals with 
oxygen. 

The electronic structure corresponding to deposition 
of the first atoms of metals on a surface of the 
cristobalite is presented in Figure 3. 

The analysis of Figure 3 shows that aluminum 
atoms, each of which possesses three valence 
electrons, quite successfully saturate oxygen bonds 
therefore the total electronic spectrum of the SiO2-Al 
system gains dielectric character with the energy gap 
of about 3 eV. Atoms of copper are monovalent ones; 
they are not able to saturate oxygen bonds, and as a 
result there is nonzero density of states at the level of 
Fermi. Atoms of nickel and chrome saturate oxygen 
bonds; however these atoms have excess quantity of 
valence electrons which lead to formation of new 
surface states. 

Metal atoms of the second adsorption layer also 
contact oxygen atoms (see Figure 1). Energy of this 
adsorption of Ead2 was calculated using the formula  

Ead2 =
E(sub+Me1 +Me2 ) ! E(sub+Me1 ) ! N2 " Eat (Me)

N2

,   (2) 

where E(sub + Me1 + Me2) is the energy of the system 
consisted of the pure substrate, the metal atoms Me1 
and Me2; N2 is the number of metal atoms of the 

 
Figure 3: Density of electronic states of the SiO2-cristobalite, on the surface of which the first layer of metal atoms (Me1) is 
adsorbed.  



Initial Stages of Metal Films Growth on a SiO2-Cristobalite Surface Journal of Material Science and Technology Research, 2019, Vol. 6     19 

second ad-layer. Other termins are the same as in Eq. 
1. Results of calculations are given in Table 2. 

Table 2: The Second-Layer Adsorption Energies Ead12 

 Al Cu Ni Cr 

Ead2, eV/atom 2.7 3.4 3.5 2.2 

 

From Table 2 we see that values of Ead2 are 
significantly less than the corresponding values of Ead1. 
In this case, copper and nickel become leaders. The 
electronic structures corresponding to deposition of the 
second atomic layers of Al, Cu, Ni and Cr metals on the 
cristobalite surface are presented in Figure 4. It is 
visible that electronic spectra of the SiO2-Cu, SiO2-Ni, 
and SiO2-Cr systems begin to gain metallic features 
and the dielectric gap in the SiO2-Al system 
considerably decreases: from 3 to 1 eV. 

Deposition of the third metal layer (Me3) is 
characterized by the fact that all surface atoms of 

oxygen are already bonded with metal atoms (Me1 and 
Me2) and with silicon, thus additional atoms can contact 
only metal atoms Me2. Results of calculations of energy 
for the third adsorption layer (Me3) are given in Table 3 
in comparison to cohesion energy of bulk metals [21]. 
From Table 3 we see that at this growth step the 
adsorption energy becomes closer to the cohesion 
energy of bulk metals.  

The electronic structures corresponding to 
deposition of the third atomic layers of Al, Cu, Ni and 
Cr metals on the cristobalite surface are presented in 
Figure 5. From this Figure it is possible to see that in 
this case the tendency to formation of metal properties 
is even more amplified than in previous case: namely, 
the Cu, Ni, and Cr cases demonstrate nonzero 
densities of states near the Fermi level; the Al 
spectrum becomes more metallic. 

4. CONCLUSIONS 

Quantum-mechanical calculations show that the 
bonding energetics of metal layers deposited on the 

 
Figure 4: Density of electronic states of the SiO2-cristobalite, on the surface of which the second layer of metal atoms (Me2) is 
adsorbed. 

 

Table 3: The Third-Layer Adsorption Energies Ead3 and the Cohesive Metal Bulk Energies 

 Al Cu Ni Cr 

Ead3, eV/atom 2.8 3.5 3.6 3.4 

Ecoh, eV/atom 3.39 3.49 4.44 4.10 
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cristobalite substrate first of all depends on the nature 
of interaction of these metals with oxygen. Aluminum 
as easily oxidized metal is characterized by high 
adhesion per atom (10.6 eV). It is followed by nickel 
and chromium (respectively 7.5 and 7.4 eV) and 
copper closes the studied group of metals (5.5 eV). 
This stage may be called chemical adsorption. Further 
plating is characterized by physical adsorption with 
significant reduction of binding energy; growth of films 
tends the properties to those of bulk metals that 
demonstrate both the gradual increase in binding 
energies and formation of metal nature of the electronic 
spectra. 
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