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ARTICLE INFO ABSTRACT

Keywords: Periodic quantum mechanics DFT calculations have been employed to investigate surface and electronic prop-
PbO, erties of B-PbO; thin films and binary p-PbO5/SnOx thin films with crystallographic planes (001), (010), (101),
5?02 . and (110) in both cases. The results show significant increases in the band gap energy of the pure PbO; films
El;l?ry films compared to that of the bulk, due to a marked increase in the minimum energy of the conduction band. The
Semiconductors relative surface stability follows the sequence (110) > (101) > (010) > (001). The surfaces become more un-

Surface stability

stable, and with a more accentuated ionic character after coating with SnO9, however, the relative stability of the

surfaces does not change. Thus, the preferential growth direction and the crystalline shape of the coated films are
maintained. The SnO; coating causes significant changes in the band gap, with increases in the films with (001)
and (010) surfaces, while a decrease is noticed in the band gap energy of the films with (110) and (101) surfaces.

1. Introduction

Semiconductor metal oxides thin films have been the subject of too
much investigation in the last decade, thanks to the possibility of ap-
plications in advanced fields such as optoelectronic, catalysis, sensing
and solar cells [1-8]. The films can be built of a single oxide or be
mounted by layers of different oxides and grown according to distinct
geometries and crystallographic directions. In the case of combination of
different materials, the superposition can affect the electronic structure
and the surface properties of each one, resulting in a high-performance
composite for a specific application [9-12]. Of course, the properties of
the system will depend on the individual materials used for mount the
film and can be remarkable unique consonant to the individual prop-
erties of the components. Some of these systems have been the subject of
a series of experimental and theoretical studies performed in our group,
as it has been reported in the last few years [6-8,13], and new ones
continue to be looked for. In the present work, the scrutiny is upon the
PbO5/Sn0; rutile system. Although these oxides share a common crys-
talline structure (rutile), which facilitates the mounting, they have
tremendously different electric properties.

Rutile B-PbO, (plattnerite) can be prepared in different phase
structures and doped in different ways [14]. It is intrinsically metallic or
a narrow band gap semiconductor [15-17], with a band gap energy of
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0.61eV and a carrier concentration in the order of 10%°- 10! em ' [18].
Typically displays degenerate n-type conductivity assigned to oxygen
vacancies [17,19], and although opaque (thanks to its low band gap) it
can potentially become a transparent conducting oxide (TCO) [20-22],
as it has already been observed with other materials.[23-25] This result
is achieved with the blue-shift of the optical band gap, according to the
Moss-Burstein effect.[26,27] The optical transparency is guaranteed
since the transitions from the bottom filled conduction band states to the
next highest conduction band lie above the threshold for visible light
absorption.[23,28,29] Thin films of p-PbO, have received special
attention mainly because of its chemical stability and the possibility of
preparing in a wide range of surface morphologies [30,31]. Electrodes of
B-PbO have been used for electrochemical degradation of organic pol-
lutants and production of ozone [32,33]. Controversies on the realm
PbO; electronic character have arised in recent years due to its tiny band
gap energy [34-36]. Accordingly to these discussions p-PbO; is being
considered a topological material behaving as a 3D Dirac semimetal if
spin-orbit coupling is considered. Thus, 3-PbO5 seems to provide a good
environment for exploring physical properties of Dirac semimetals,
which can be an auspicious field of study in the near future.

On the other hand, SnO; thin films are transparent and thermally
stable and have been too much studied some years ago due to the pos-
sibilities for applications as fore-contacts in superstrate heterojunction
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solar cells, opto-electronic devices technology, photocatalysis and gas
sensors, applications in which a high transmittivity in the visible-
infrared range is required [37-40]. Undoped SnOs is an n-type semi-
conductor with a band gap energy of about 3.6 eV at room temperature
[41,42]. The electrical conductivity depends on deviation from stoi-
chiometry, leading to oxygen vacancies, interstitial tin atoms, and ox-
ygen adsorption at surface and grain boundary [43,44]. The
conductivity can also be modulated by doping. For instance, doping
SnO, with pentavalent ions as Sb>" leads to increased conductivity due
to the substitution of Sn** in the SnO, matrix [45,46]. Optical and
electronic properties of SnOy have been subject of persistent examina-
tion both theoretical and experimentally [47-53]. In spite of that, as
well as with B-PbOs, its band structure and other related optical prop-
erties are still upon debate [54-59].

Computational modeling and simulation have proved to be useful
tools to assist experimentalists to understand their results and develop
new materials with specific or poorly studied properties. Some of these
techniques have been used in our group to study the most diverse sys-
tems [60-63]. In a recent study, theoretical investigations of surface and
electronic structures of TiO, films coated with PbOy have been per-
formed through density functional theory (DFT) calculations [13], using
the B3LYP hybrid density functional [64,65] with Grimme approaching
[66,67] to describe the long-range weak interactions. At work now, the
study is being extended to PbO, thin films coated with SnO,
(PbO2/Sn0y), both in the tetragonal rutile phase. As far as we know, this
is the first time this system is being investigated. Bulk of both neat PbO,
and SnO5 and surfaces of neat PbO, have also been simulated for com-
parison. The films were grown in the crystallographic directions [110],
[101], [010], and [001], and the analysis done in terms of optimized
geometric parameters, band structure, density of states (DOS), distri-
bution of charge density, and surfaces order stability of the nude and
coated films.

2. Model system and computational procedure

Both oxides have a crystalline rutile structure that belongs to the
tetragonal space group (P42/mnm), with cell parameters a and c, and
internal u parameter, which is the vertical distance between oxygen and
the metal atom, as shown in the Fig. 1. The experimental cell parameters
of PbOyare a = c = 4.958 A, b = 3.338 A, and u = 0.296 A [18], while for
SnO, those values are a = ¢ = 4.737 i\, b =3.185 A, and u = 0,307 A
[68].

According to the procedure described previously [23], both bulk
structures were optimized by the use of analytical energy gradients with
respect to both atomic coordinates and unit cell parameters. The simu-
lations were performed using the periodic DFT implemented in the
CRYSTAL17 program [69], which use crystalline orbitals represented as
a linear combination of Bloch functions defined in terms of
Gaussian-type basis set local functions (atomic orbitals) [70]. A full
optimization procedure (parameters a, b, and c, and inner coordinate u)
was carried out to determine the equilibrium geometry. In order to
achieve the best modeling, a couple of different basis sets which are
available in the CRYSTAL webpage (https://www.crystal.unito.it/basis

Fig. 1. The conventional rutile unit cell (grey: Pb or Sn; red: O).
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-sets.php) were tested both for Pb and Sn (see Table 1 and ref. 13).
Both metals were treated in the framework of core pseudopotential
approximation, because the number of electrons makes the simulations
very expensive. The basis set used for oxygen was 6-31d1 for both the
oxides [71].

DFT is a methodology with a great capacity of depicting the struc-
tural, energetic and electronic properties of solid states materials with
high accuracy in combination with hybrid functionals based on the
generalized gradient approximation (GGA) [72,73]. Even though there
are several functionals available to perform these kind of calculations, it
is difficult to find one that describe accurately electronic and structural
properties at the same time [74-77]. Thus, the choice of a proper
functional is basilar to the realistic simulation of the properties of the
materials. B3LYP [64,65], one of the most popular functionals used for
studying solids among the hybrid functionals available, has been chosen
to the present calculations. A deep analysis on the reproducibility of DFT
calculations of solids has been published in recent years [78,79].

The minimized structures were characterized by diagonalizing the
Hessian matrix with concerning to the lattice parameters and atomic
coordinates; and the convergence of the nuclear displacements and
gradient components were checked with tolerances on their root-mean-
squares set to 0.001 and 0.004 a.u., respectively. The level of accuracy of
the Coulomb and the exchange series calculation is controlled by five
parameters, «;, with i = 1-5, such that two-electron contributions are
neglected when the overlap between atomic functions is below 10™% , in
which the threshold 10, 10, 10, 10 and 20 were chosen for the Coulomb
overlap, Coulomb penetration, exchange overlap, first exchange pseudo-
overlap, and second exchange pseudo-overlap, respectively. The
shrinking (Monkhorst-Pack and Gilat) [80] factor was set up to 10. To
model the experimental thin films, slabs were “built” from the bulk with
the geometry previously optimized. The bulk was cut in the crystallo-
graphic directions [110], [101], [010], and [001], making a
two-dimensional structure with a finite number of layers (thickness) in
the chosen direction. The number of layers has been defined accordingly
to study performed previously [13,72]. The values of the slabs thickness
after relaxation are reported in Table 3. So, the thickness must be such
that the properties of the central region of the slab converge to those of
the bulk. Further details upon the slabs modeling can be found in a
previous report [13]. The slabs are then submitted to geometry opti-
mization with respect to the atomic coordinates only to allow relaxation
of the surface atoms and minimize the energy.

Once the pure PbO, slabs have been optimized, Pb atoms were
substituted for Sn atoms on the two first layers of both the surfaces and
the optimization procedure was repeated. A scheme of the simulated
pure slabs and the surface Pb/Sn substituted ones is represented in
Fig. 2.

Having the minimized slabs on hands, one can calculate the surface
energy (Eq). Surface energy (J.m™2) can be defined as the surface
excess free energy per unit area and is an important indicator of surface
stability and reactivity in addition to inform on crystal equilibrium
shapes [81]. The surface energy Egys (J .m2) is defined as the difference
between the slab and the bulk energies, divided by the surface area, that
is, Eqyf = (Estap — Epuik)/2A, were Egq, and Epyy are the total slab and
bulk energies, respectively, bulk and slabs with the same number of
atoms and stoichiometry, and A is the surface area of one side of the slab
[82] (the factor 2 is due to the film having two faces). In the case of
coated films, a small change has to be done in the equation used to
calculate the surface energy, which becomes: Eq,r = (Egay — N1Eppo, —
n2Egn0,)/2A, where Epyo, and Egno, are the energies of the PbOy and
SnO- bulks, and n; and n, are the numbers of PbO, and SnOs units in the
slab, respectively.

Using the crystalline lattice parameters and the theoretical surface
energies obtained (Egsyy), it is possible to study the morphology of the
PbO, and PbO,/Sn0O; crystals using the classical Wulff’s construction
theory [83]. The Wullf construction is based on the assumption that a
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Table 1
Experimental and calculated structural parameters (A), and band gap energy (eV) for bulk rutile SnO, using different basis sets for Sn, and the respective deviation (%)
to experimental value.

Basis set a Aa c Ac u Au Egap AEgap
DB-21G*[89] 4.6849 -1.10 3.1578 —0.86 0.3059 —0.36 3.8084 5.75
DB-21G [90] 4.6720 -1.37 3.1622 -0.72 0.3060 —0.34 3.8222 6.17
POB_DZVP [91] 4.7146 —0.47 3.2213 1.14 0.3061 —0.31 4.5457 26.27
Experimental [68] 4.7370 - 3.1850 - 0.3070 - 3.6 -
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Fig. 2. Schemes of the (a) (0 0 1), (b) (01 0), (c) (1 1 0) and (d) (1 0 1) surface films. In the pure PbO, films all metallic atoms are Pb.

crystal grows minimizing the Gibbs free energy of its surfaces. As the materials [84-87].
surface energy of a plane is proportional to its distance from the center of
the crystal, the growth of the crystal in a direction is inversely propor-
tional to the surface energy perpendicular to that direction. Wulff’s
calculation has been successfully used to obtain the morphology of other
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Fig. 3. (a) Band structures of PbO, (left) [13] and SnO, (right) bulks, and (b) total and partial DOS diagram for PbO, (above) and SnO, (below).
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3. Results and discussion
3.1. Bulk

Table 1 lists the experimental values and the calculated lattice pa-
rameters, inner coordinate, and band gap energy obtained for bulk SnO,
with different basis sets used for Sn. It is observed that the DB-21G*
(where DB refers to the Durand-Barthelat’s pseudopotential) is a good
basis set to fit the experimental results of SnOs and was chosen to
perform the remaining calculations. According to previously reported
results [13] the Pb DB-31G*[88] is the basis set that better reproduce the
PbO; behaviour, and has been used in the present calculations now.

Once identified the best basis set to model the oxides, one can pro-
ceed to explore their properties theoretically. The band structure of the
bulk of both materials is shown in Fig. 3 to be used as a reference for
later comparison. The band structures were calculated along the high
symmetry path of the Brillouin zone. Both oxides present a direct band
gap at I" point, being the band gap energy of 0.14 eV for PbO, and 3.80
eV for SnOy, which is in good agreement with experimental values [18,
68]. As it has been pointed out in the introduction, the I" point conic
structure of PbO, resembles a Dirac cone [34-36], which motivates a
deepening in the study of 3-PbO5 topological properties. Looking at both
the band structures, the great similarity between them stands out. In
both cases the upper valence bandwidth is about 9 eV, in accordance
with theoretical values reported previously [16,18,68]. In addition, both
oxides have quite like bottom of the conducting bands, differing in the
value of the gap between the bottom of the band to the next lower
portion of it on the I'-point. While in SnO that value is about 5.14 eV in
the PbO, it is 7 eV. Thus, both oxides have the conducting band structure
in the I'-point required to act as TCO, but SnO3 is more easily turned into
since its value of this gap is closer to the energy of the visible region of
the electromagnetic radiation than PbO,. As it has been discussed pre-
viously, the transparency of oxides that has a conduction band with that
feature could be manipulated, for instance, controlling the oxygen va-
cancies or doping, thanks to move the electron chemical potential inside
the conduction band, and, consequently, changing the optical band gap
energy [20,24,25].

Once the oxide band structure is calculated, it is in our best interest
to determine which atomic orbitals give rise to this structure. Thus, it
has been calculated the projected density of states (PDOS) profiles of
each oxide and detail the contribution of the frontier atomic orbitals to
the conducting behaviour of each of them. The profiles are shown in the
Fig. 3 and compare well with other previously published results [15,16,
92-96].

It is clear that in both cases the top of the valence band is formed by
the oxygen 2p orbitals, which, because of their strong localization, lead
to a small hole effective mass [97], which is also related to the conical
shape of the band structure at the gamma point. Regarding to the con-
duction band, while in PbO; it is basically composed of Pb s and p or-
bitals, the Sn p orbital is much less relevant in the SnO, conduction band.
Another very significant difference between the DOS of the two oxides is
the low energy of the Pb conducting orbitals leading to the tiny PbO,
band gap and the pronounced gap of about 1 eV in the conduction band
(about 7-8 eV), separating the Pb 6s and 6p orbitals, as it has already
been found previously [16]. Also noteworthy is the perfect overlap be-
tween the O 2p orbits and Pb 6s in the 2-7 eV energy range of the
conduction band, which is a strong indication of an almost complete
hybridization of these orbitals. These striking differences in the con-
duction bands of the two oxides help to understand the huge difference
in electrical conductivity between them.

The natural metallic ions are formally closed shells in both oxides
(the outer s and p orbitals are formally empty). However, the electric
conduction is due to electrons distributed through these orbitals, as it is
shown in the DOS diagram. Thus, it may be useful to have a look at the
charge distributed by these orbitals, as a way of comparing their
contribution to conductivity in each case. For this purpose, it was raised
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the electronic charges on each orbital, through the Mulliken population
analysis (MPA). Choosing MPA to perform the partition of the charge
density is arbitrary, since there are other methods for doing this. How-
ever, when comparing different systems, the particular scheme used is
not so relevant, since the defects and virtues of that scheme will affect
both systems equally. The basis set used for Pb and Sn atoms have 4
electrons located in a sp orbital, in addition to another sp and 1 d empty
orbitals. The charge distribution across the atomic orbitals after the
simulations is shown in Table 2. As it can be seen, there are no charge
located in d orbitals at the end of the simulations, which is in agreement
with the absence of d orbitals in the shown DOS profiles.

From the data in the table is easily realized that the electronic charge
distribution in the Pb explicit orbitals is greater than in the Sn ones. And,
not only the frontier orbitals in Pb are more occupied, as, thanks to its
high atomic number, those electrons are further away from the nucleus,
which could be at the root of the PbO, greater conductivity. On the other
hand, the atomic charge distribution is Pb = +1.945|e|, O = —0.973|e|,
and Sn = +2.322|e|, O = —1.161]e|, for PbO3 and SnO respectively.
The Pb and Sn electronic charges are in line with the electronegativity of
each atom (Pb = 2.33; Sn = 1.96). It is seen, therefore, that PbO5 is more
covalent than SnO,, which also contribute for a greater conductivity of
the first.

3.2. PbO; surfaces

From now on we will focus the attention on the PbO5 surfaces, to
later investigate the changes that are caused in the films by the SnO,
coating. In general, oxide films can exhibit properties quite different
from those of their bulks, including large variations in the values of the
band gap energy compared to those of the bulk, and transitions between
direct and indirect type [98,99]. The surface structure of metal oxides
has a stronger influence on their properties than other elementary
semiconductors, due to the symmetry broken and the mixture of ionic
and covalent bonds [100]. Slabs were built from the optimized structure
of the bulks, as it has already been mentioned, and the respective
calculated band structures are shown in the Fig. 4. The band structure
was calculated along the I'- I high symmetry path of the slabs Brillouin
zone and can be compared with the left side I'- I interval of the bulk
structure (Fig. 3). Since the atoms in the slabs are subjected to a large
number of different neighbourhoods, the number of lines in the profile
of the band structure is very large compared to the profile of the bulk,
which requires reducing the plotted range of energy.

The results show significant increases in the band gap energy of the
films compared to that of the bulk, which suggests possible new appli-
cations for films, unfeasible for pure bulk. The change of the band gap
energy (Eg/siab-Eg/bulk) (AEg/eV) is 0.95, 0.79, 0.55, and 0.33 for the
(010), (101), (001), and (110) surfaces, respectively. Studies on the ef-
fect of doping and vacancies on the behavior of such films are on the
horizon. Interestingly, the AEg of the surfaces in relation to the bulk,
present the same pattern of dependence on the number of coordination
of the Pb atom as verified in previous work for TiO,, with the same
rutile-type structure [13], that is, surfaces with the metal atom 5-fold
coordinated ((010) and (101)) have the greater AE,, followed by the
4-fold surfaces ((001)), and finishing with the (110) surface, which is 5-
and 6-fold coordinated, that has the lower AE,. This finding suggests
that the dependence between the metal coordination number and the
slab band gap energy discussed in that report [13] applies to other
rutile-type oxides, stepping up our attempt to rationalize the relative

Table 2
Orbital charge distribution (m|e|) for Pb and Sn atoms. 2 shells and 8 atomic
orbitals, accordingly to the basis set used for each one.

s Px Py Pz s Px Py Pz
Pb 862 225 225 242 247 114 114 027
Sn 553 247 247 266 269 057 057 —070
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PbO,/SnO,

(010)

(001)

Fig. 4. Band structure of the PbO, (left) and PbO,/SnO, (right) surfaces: (0 0 1), (01 0), (1 1 0), and (1 0 1).

variation of the oxide film band gap, when compared to the oxide bulk, Having that in mind, the DOS profiles of each surface were calculated
in terms of the film crystalline direction. A deeper understanding of why aiming to detail the contribution of atomic orbitals to the band structure,
this occurs should be sought. and the results are shown in the Fig. 5.

DOS (arb. units)

E_=0.43eV
gap

456 7240 23 4 56 7240013223465 6724012234567
E-E.(eV) E-E.(eV)

Fig. 5. Total and partial DOS diagram for neat PbO, (left) and PbO,/SnO, (right) surfaces (in this case, the O 2p and DOS total curve has been supressed in the region
of valence band for clarity): (00 1), (01 0), (1 1 0) and (1 0 1). Y axis is in arbitrary units.



G.S.L. Fabris et al.

Just like to the bulk, the valence band is mainly constituted of O 2p
orbitals, whereas O 2p and Pb 6s are the main contributions for the
conduction pattern. The slab structure does not change the relative
position of the orbitals compared to the bulk. It is noted that the struc-
ture of the valence band is more dependent on the structure of the
surfaces. However, there is a marked variation in the minimum energy
of the conduction band, which leads to increases in the system band gap,
quite significant for some surfaces. This is an important change in the
properties of PbO, films, compared to the bulk behaviour.

Table 3 lists the MPA on the Pb and O atoms in the firsts four surface
layers of the pure PbO; slabs. The atomic charges variation depending
on the surface and layers is due to the different environments in which
the atoms are found in each case.

Firstly, as it would be expected, the Pb and O atomic charges do not
cancel each other (the electric neutrality is satisfied in the total film),
which implies that each surface has its own polarity and an own excess
of positive or negative charge [101,102]. Of course, this will influence
the chemical and physical properties of the surface. Secondly, it is
noticed a correlation between coordination number and metal atom
charge, in the sense that the metal atom has a greater positive electrical
charge in the surfaces where it has a higher coordination. On the other
hand, the Pb charge for the four layers listed in Table 3 shows a charge
migration from the inner of the film to the surface atoms, a reflex of the
symmetry broken in the charge distribution. As a consequence, the films
are less oxidant and the atom bonds are more covalent than the bulk
itself. Of course, the interpretation of the role of the surface characters in
the films properties is not trivial, since in the real systems there will
always be interaction between the surfaces and the environment.

Clearly, since the distribution of atoms and atomic charges on the
surfaces depends on the growth direction of the films, the energy of the
surfaces, and, consequently, their stability will vary on the different
surfaces. The computed surface energies for the studied surfaces is listed
in the Table 4 in the crescent order of energy. The surface stability
changes according to (110) > (101) > (010) > (001), and correlates well
with the surface Pb coordination number and charge, i.e, surfaces are
more stable the higher the Pb coordination number (which correlates
with the atomic charge, as it has been pointed out above). This behav-
iour have already been observed in the case of the also rutile TiO; thin
films, previously studied [13]. To the best of our knowledge, this is the
first time the surface energies of -PbOy have been obtained, which
prevents comparison with other available data.

Having all this discussion on mind, we analysed the behaviour of the
PbO;, films due to the coating with SnO,.

3.3. PbO; coated films

The purpose of this section is to analyse the changes caused in the
PbO;, films by the SnO5 coating. As a first aspect to be noted, the PbO,/
SnO; slabs are slightly less thick than the pure PbO; ones (see Table 4),
as a consequence of the smaller radius of the Sn atom. The band struc-
ture for the studied films was calculated through the same symmetry
path used for the pure PbO; slabs (Fig. 4). It can be realized that the
SnO, coating causes significative changes on the films band gap, with
increases in the films with (001) and (010) surfaces, while a decrease is
noticed in the band gap energy of the films with (110) and (101) sur-
faces. These results indicate that SnO; coating on PbOy surfaces is a
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Table 4
Thickness (If\) and surface energies (J.m~?) values for the different pure PbO,
and PbO,/SnO, thin films.

planes PbO, Pb0O,/Sn0,

thickness Esurf thickness Esurf
(110) 24.0 1.938 23.4 2.819
(101) 18.6 1.975 18.5 2.806
(010) 19.6 2.033 19.2 2913
(001) 20.6 2.476 20.7 3.384

practical way of having devices with the properties of SnO, surfaces and,
in some cases, a better semiconductor behaviour than the pure PbO,
films. On the other hand, since the pure SnO, band gap is 3.80 eV, these
films will have a lower transparency than pure SnO; films (SnOz thin
film exhibit a transmittance of around 90% in the 400-1100 nm interval
and a direct energy band gap around 4.0 eV) [103].

Strictly related to the BS, the DOS profiles of each slab are shown in
Fig. 5, which help to analyse the orbital contribution for the slabs BS. As
in the case of pure slabs, the valence band is predominantly constituted
for O 2p orbitals (this orbital was not plotted since its amplitude is much
greater than the other curves). The metallic s and p orbitals have a re-
sidual participation, with a slight predominance of p orbitals. On the
other hand, the conduction band is basically composed of metallic s
orbitals, with a minor contribution of Sn. This result agrees with the
band gap energy of the coated films, much closer to the PbO, pure films
band gap energy than to that of bulk SnOs. From the point of view of the
concentration, this is an expected result for the simulation, since the
SnO; layer is much thinner than the PbO, film. However, the influence
of the recovering is not so direct, since in some cases there are an in-
crease in the films band gap energy, while in other cases that energy
decreases.

The MPA atomic charge on the atoms of the Sn and O for the two
firsts surface layers and the Pb and O atoms for the third and fourth ones
is listed in Table 5.

In the same way that has been verified for the pure PbO; films, there
is a significant diminution of the Sn and O charge when comparing to the
SnO; bulk. This diminution occurs due to a charge transfer of Sn and O to
the Pb and O atoms in the third and fourth layers. Besides, comparing
the results in Tables 4 and 5, it is noticed that the charge on the Sn and O
in the coated slabs are higher than on the corresponding Pb and O atoms
in the pure ones, accordingly to the charges of the SnO, and PbO, bulks,
which indicates a surface with a more accentuated ionic character when
comparing to the pure slabs. The electrostatic isosurface potential of the
surfaces for the PbO, pure films and PbO,/SnO-, bi-layer films is seen in
the Fig. 6. It is observed that the doping with Sn atoms causes a small
change in the charge distribution and modify positively the potential of
the exposed facet.

Of course, it will be very interesting to analyse what happen to the
surfaces stability after changing the surface Pb atoms for Sn. The energy
obtained for each slab is listed in Table 3, and shows that the energies of
the coated films are almost 1 J m™~2 higher than the pure ones, which
indicate a decrease in the surfaces stability when comparing to the pure
slabs, suggesting surfaces more reactive that the pure PbOy ones.
However, the relative stability of the surfaces virtually does not change
because of the coating. Studies performed previously for the TiO2/PbO2

Table 3

The Miilliken atomic charge (e) in the firsts four surface layers of PbO, slabs.
Crystallographic planes 1% layer 27 layer 3% layer 4% layer

Pb (0] Pb o Pb (0] Pb (0]

001 1.557 —0.746 1.787 —0.944 1.902 —0.933 1.896 —0.956
010 1.668 —0.732 1.882 —-0.912 1.922 —0.965 1.932 —0.965
(101) 1.662 —0.760 1.871 —0.948 1.894 —0.944 1.894 —0.948
110 1.758 —0.784 1.877 —0.839 1.920 —0.958 1.902 —0.954
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Table 5

The atomic charge (e) on first and second surface layers Sn and O atoms, and Pb and O for the third and fourth surface layers of the PbO,/SnO, slabs.
Crystallographic planes 1st layer 2nd layer 3rd layer 4th layer

Sn Osn Sn Osn Pb Opp Pb Opp

o1 1.863 —0.898 2.131 —1.086 1.971 —0.994 1.945 —0.981
010 1.950 —0.889 2.240 -1.130 1.995 —1.042 1.970 —0.986
(101) 1.961 —0.928 1.948 —0.964 1.933 —0.967 1.933 —0.965
110 1.994 —0.929 1.990 —0.985 1.961 —1.068 2.018 —1.005

PbO,/SnO,

(110)

Fig. 6. Top view of surface electrostatic potential [Vg(r)] for pure films (right),
and PbO,/Sn0O, films (left). The blue and red color denotes positive and
negative charge densities, respectively.

[13], and TiO»/SnO,° systems shown an exchange in the relative sta-
bility of TiO, surfaces coated with PbO, and SnO; oxides, respectively.
The present study indicates that this behaviour is not universal. It is
interesting to draw the attention that in both previous studies the surface
Ti atom of the original pure films have been changed for larger atoms,
while in the nowadays study, the surface Pb atoms of the pure film have
been changed for smaller ones. As a result of maintaining the relative
stability of surfaces when comparing pure and coated films, the pref-
erential grow direction and the crystalline shape of the films is main-
tained. Thus, the coating of PbO, with SnO, does not cause significant
morphological changes in the pure PbO; films. The calculation of the
surface energies allows for morphology estimation using the Wulff’s
construction. Along with the study of the construction and structure
determination of the covered PbO, thin films, it is also interesting to
understand how a nanoparticle of this system can behaves if existing. At
this point, it is important to point out that the calculated morphology
represents the system without environmental influences and in-
teractions with the environment need to be taken into account in order
to understand a given experimental morphology. However, it is possible
to impose a given surface energy to delimit the external potential and
find the possible morphological paths, which include the studied sur-
faces [86]. With this in mind a morphological mapping was calculated

starting from the calculated Eg,y, and assuming energy modulation be-
tween (hkl) indices, to understand how the variation of surface energy
can determine which crystal facet is exposed [86], which can directly be
associated to the environment of synthesis, as shown in Fig. 7a and b. In
Fig. 7a, it is possible to see the equilibrium crystals for the PbOy and
Pb0,/Sn0,, constructed with energies supplied in Table 3 together with
the equal surface energies from all facets. This Wulff’s construction
(Fig. 7a) shows that pure PbO5 has the (010), (101) and (110) facets,
without the presence of the (001) facet, however when the coverage is
considered the (001) facet starts to be exposed and compose approxi-
mately ~0.08% of the exposed surfaces. Also it is shown the equal
surface energy crystal for comparison purposes.

Fig. 7b) show the map of the possible morphological transformations
of the system in each possible growing environment. To do this mapping
we had normalized the surface energy, defining a surface energy ratio
T = T(ra) /T (001)) and finding this ratio for the maximum exposure of
each facet, which we named vy, vo, v3, v4 and vs, where the last one is
the PbO2/SnO; crystal (details on this construction can be find in ref.
86). The surface ratio energy and their maximum values are highlighted
in the Fig. 7b. It is interesting to note that the pure PbO, crystal can be
found in the middle of the path between the v3 and the center of the
Wulff’s map (vs). Besides that, the other morphologies can be associated
to the environmental and synthesis method, as the crystal shape are
strongly dependent of those variables.

Considering the Wulff construction and the surface array energy
depicted in Fig. 7b), it is possible estimate the DOS of a possible nano-
particle of PbO5 covered with a thin layer of SnO,, where the contri-
bution of each exposed surface was weighted with the exposed area as
shown with the pie graphic in Fig. 8.

Fig. 8 shows the individual contribution for the DOS of each one of
the exposed planes of the nanoparticle, estimating the energy range
where each one have a major role when searching for properties of in-
dividual nanoparticles. This analysis is an interesting tool to understand
more on each facet behaves, and its contribution for the electronic
properties in general, and also can be useful to understand the
morphology of experimental solid-state microscopic particles. However,
although this methodology can be an indicative of the band gap energy,
it difficulty can be directly compared to experimental results, since these
are strongly dependent on the synthesis methods and experimental pa-
rameters, like pressure, temperature, and environment, among others.

4. Conclusions

Surface and electronic properties of PbO, and PbO, coated with SnO4
thin films with crystallographic planes (001), (010), (101), and (110),
have been investigated through periodic quantum mechanics DFT cal-
culations. The results show significant increases in the band gap energy
of the pure PbO,, films compared to that of the bulk, due to a significative
increase in the minimum energy of the conduction band. Thus, thin films
reduce the conductivity of the material and brings its properties closer to
those of a semiconductor. This behaviour can make films suitable for
new applications, unfeasible for pure bulk. The surfaces are less oxidant
and the atom bonds are more covalent than the bulk itself. The relative
surface stability follows the sequence (110) > (101) > (010) > (001).
The surfaces become more unstable, and with a more accentuated ionic
character after coating with SnO,, however, the relative stability of the
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Fig. 7. (a) Wulff’s construction morphology of the optimized bulk PbO, and the SnO; covered nanoparticle, and (b) the morphology graph with all possible esti-
mated variations of the crystal in function of the surface energy of each exposed facet. Each v; represents a Wulff crystal built to expose the highest percentage area of
a specific plane (hkl), and the other crystals are the intermediated shapes between two specific morphologies.

DOS (arb. units)

Energy (eV)

Fig. 8. Estimative of the density of states of the PbO,/SnO, nanoparticle.

surfaces does not change. Thus, the preferential grow direction and the
crystalline shape of the coated films is maintained. The SnOy coating
causes significative changes on the films band gap, with increases in the
films with (001) and (010) surfaces, while a decrease is noticed in the
band gap energy of the films with (110) and (101) surfaces. These results
indicate that SnO; coating on PbO; surfaces is a practical way of having
devices with the properties of SnO, surfaces but with a better semi-
conductor behaviour than the pure PbOs films. On the other hand, since
the pure SnO; band gap is 3.80 eV, these films will have a lower
transparency than pure SnO- films.
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