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The electronic properties and stabilities of SnO and SnO, bulk materials and their low-index surfaces are
investigated by density functional theory. An empirical method has been adopted in this study to account for
the van der Waals interactions among the Sn-O layers in the bulk and low-index surfaces of SnO. Compared
with SnO,, the structural and electronic properties of SnO bulk and its low-index surfaces present some unique
features due to the dual valency of Sn. In SnO, the s orbital of Sn has larger contributions than its p and d
orbitals in the first valence band (VB) and the p orbital of Sn has a larger contribution than its s and d orbitals
in its conduction band (CB). In SnO,, the p and d orbitals of Sn play an important role to form the upper part
of the VB and its s orbital dominates in forming the lower parts of the VB and the CB. In both oxides, the s
orbital of O forms the second VB with lower energy and its p orbitals are involved in forming the first VB and
the CB. The calculated bulk modulus and cohesive energy agree well with the experimental measurements. By
constructing all possible symmetrical low-index surfaces of SnO and the (111) surface of SnO,, our results
reveal that the calculated surface energies of SnO stoichiometric surfaces are lower than that of the corre-
sponding surfaces of SnO, due to different bonding between Sn and O in these two oxides. The calculated
stabilities of the low-index stoichiometric surfaces of SnO are in the order (001)>(101)/(011)
=(010)/(100)>(110)>(111) while the order in the case of SnO, is (110)>(010)/(100)>(101)/(011)
>(001)>(111). The calculated relationships between surface free energies [y(p,7)] and oxygen chemical
potentials [ uo(p,T)] indicate that the nonstoichiometric O-terminated (110) and (111) surfaces of SnO could
be more stable than their corresponding stoichiometric ones when the uq(p,T) reaches its higher O-rich bound,
and one Sn-terminated nonstoichiometric (111) surface of SnO, could be more stable than its stoichiometric
ones when the uq(p,7) falls into its lower O-poor region. During surface formation from the bulk, the stable
surface usually has small atom displacements. For both SnO and SnO, the atoms on the (111) surface have
larger relaxations than on their other low-index surfaces.
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I. INTRODUCTION

As one of the wide-band-gap oxides, stannic oxide (SnO,)
is of interest for a variety of technical applications and
widely used as solid state sensor materials, oxidation cata-
lysts, and transparent conductors.!™* Due to its electronic
structure and the possibility of two different oxidation states
of Sn** and Sn?*, SnO, are very sensitive to oxidizing and
reducing many kinds of gases, such as O,, CO, CO,, NO,,
CH,, H,0, NH;, BF;, CH;0H, C,H,, etc., and therefore can
be used to detect these gases with good sensitivity. Since the
SnO, melting point is very high (>1900 °C), it can be a
good candidate for high-temperature sensor-related applica-
tions. Above 1500 °C, SnO, can be decomposed into SnO
and O,.2 The main drawback to using SnO, as a sensor is its
poor selectivity simply because it is sensitive to so many
kinds of molecules. In order to overcome this drawback and
let SnO, detect particular molecules, new technologies are
used to make such kind of sensors for different purposes.
There are mainly three kinds of technical methods to make
SnO, related sensor materials: doping noble metal on SnO,,
growth of SnO, on other materials, and forming nanosize
particles.>

The bulk properties, low-index surfaces, and adsorptive
properties of stannic oxide (SnO,) have been extensively
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investigated both by experimental and theoretical
studies.!=*%-2! The surface composition indirectly influences
the gas sensing mechanism. Different additives in SnO, can
either increase the charge carrier concentration by donor at-
oms or decrease the surface conductivity responsible for the
gas response signal. Therefore, doping different elements or
growing other oxides on SnO, can improve the sensing se-
lectivity of SnO,. Many surface properties of SnO, are
caused by the dual valency of Sn which facilitates a revers-
ible transformation of surface composition (Sn** < Sn?).
Compared with extensive investigations on the bulk and
surface properties of SnO,, stannous oxide (SnO) has not
attracted much interest among researchers. Part of the reason
is that SnO undergoes rapid oxidation with incandescence to
SnO, upon heating to around 300 °C as illustrated by Suito
et al.>> Moreover, several intermediate oxides between stan-
nic and stannous oxides, such as Sn,03, Sn;0,, and SnsOg,
have also been reported.”? The heats of formation (AH) at
298 K for SnO and SnO, are —68 and —138 kcal/mol, re-
spectively, which results in —70 kcal/mol for the reaction
SnO(c)+1/20,— Sn0O,(c).>** This indicates the stannic ox-
ide is the thermodynamically most stable form among tin
oxides. However, as mentioned above, the SnO, can be de-
composed to SnO when the temperature goes higher than
1500 °C and on the surfaces of SnO, the reduced form of Sn
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TABLE 1. The optimized crystal structure [experimental crystal constants of SnO, (Ref. 2): a=b

=4.7373 A, ¢=3.1864 A] and binding energy of SnO,.

PAW PW91 PAW d PW91 PAW PBE PAW dPBE USPW91 US.dPW9l
a (A) 4.821 4.823 4.826 4.828 4.820 4.821

¢ (A) 3.236 3.241 3.237 3.242 3.228 3.234
Error (a,c) (%) 178,156 1.80,1.71  1.92,1.76 191,175 1.78,135 1.78, 1.50
Binding energy (eV)  —18.937 -18.776 ~18770  -18.843  -18.931  —18.779

does exist. Therefore it is worth exploring thoroughly the
structural and electronic properties of bulk and low-index
surfaces of SnO and comparing them with SnO,. X-ray pho-
toelectron spectra analysis (XPS) showed that a shift of
about 1 eV occurs in the binding energy from SnO, to
Sn0.%> Using electron spectroscopy for chemical analysis to
analyze the oxidation of tin, Lau and Wertheim?® concluded
that SnO and SnO, have the same chemical shift and to
identify them one needs to compare their valence bands and
O/Sn ratio. Using XPS, Themlin et al. 27 obtained a chemical
shift of 0.7+ 0.05 eV between formal Sn** and Sn?* and a
binding energy difference of 1.6 eV between SnO, and SnO.
Resonant photoemission characterization of SnO showed
that O 2p, Sn 5s, and 5p partial density of states are the main
contributors to the valence band of this material.?®

Several theoretical investigations focused on the stability
properties of the SnO bulk materials. Meyer et al.?® used ab
initio pseudopotential calculations to study the equilibrium
structure of SnO and found that different choices for Sn
pseudopotential dramatically influenced the resulting equilib-
rium structure of SnO. By gradient corrected density func-
tional theory, the SnO in the structures of litharge, idealized
CsCl, rocksalt, and herzenbergite are being investigated.3%3!
Their results for SnO in the litharge structure are in good
agreement with experimental findings which gives non-
spherical electron distribution. The states responsible for
asymmetric Sn electron distribution are due to the coupling
of unfilled Sn(5p) with antibonding combination arising
from interaction of Sn(5s) and O(2p).3! Recently, with ab
initio full-potential linearized augmented planewave (FP-
LAPW) method Errico®? investigated the electronic struc-
tures of SnO and SnO, and calculated the electric-field gra-
dient tensor at Sn sites. Unlike SnO,, to our knowledge, up
to now there has been no theoretical study on the low-index
surfaces of SnO and their sensing properties with molecules.
Moreover, the (111) surface of SnO, has rarely been studied
in the literature. In this work, by ab initio density functional
theory, we focus on exploring the electronic properties of
bulk SnO and its low-index surfaces and comparing them
with those of SnO,.

This paper is organized as follows: in Sec. II we briefly
describe the theoretical method we employed and show the
differences when choosing different pseudopotentials and
exchange-correlation functions. In Sec. III we first show our
results for the bulk materials of SnO and SnO,, then present
the results for the low-index [(001), (100), (010), (110),
(011), (101), and (111)] surfaces of SnO and compare them
with the corresponding surfaces of SnO,. We discuss the
differences between these two oxides, and in Sec. IV sum-
marize our conclusions.

II. THEORETICAL METHODS

The calculation performed in this work was based on
first-principles density functional theory (DFT) with plane-
wave basis set and the pseudopotential to describe the
electron-ion interactions. The Vienna ab initio simulation
package (VASP)**-3 is employed in this study to calculate the
electronic structures of the bulk and the low-index surfaces
of SnO and SnO,.

In order to choose a proper pseudopotential, the plane-
wave basis set, and the exchange-correlation functional un-
der generalized gradient approximation (GGA), we made ex-
tensive test calculations to optimize the crystal structure of
SnO, with different pseudopotentials including the projector
augmented wave (PAW)3¢ and ultrasoft’”-*® methods while
for the exchange-correlation functionals we tested both
Perdew-Wang (PW91)3° and Perdew-Burke-Ernzerhof *° In
the case of Sn pseudopotentials we analyzed both with and
without including the 4d orbitals of Sn into its pseudopoten-
tials. The results and the corresponding total binding energies
per SnO, formula unit are listed in Table I.

From Table I we can see that the accuracy of PAW_PWO91
is approximately the same as ultrasoft pseudopotential with
PWO1 exchange-correlation function while including the 4d
orbitals of Sn in the pseudopotentials. The predicted errors
for the crystal structure are similar to those in other
calculations.'> Therefore, in this study, we employ PAW
pseudopotential and PW91 exchange-correlation functions in
all of the calculations. Plane-wave basis sets are used with a
kinetic energy cutoff of 500 eV and an augmentation charge
cutoff of 605.4 eV. The k-point sampling grids of 8X§8
X 10 and 8 X8X 6, obtained using the Monkhorst-Pack
method,*! are used for the SnO, and SnO bulk calculations,
respectively. The k-point sampling grids of mXn X1 are
used for surface supercell calculations, where m and n are
determined by the spacing of around 0.028 A~! along the a
and the b axes of the surface supercell. In the following
calculations, we assume all the surfaces have a neutral
charge and no extra charge is added in. For bulk calculations,
we relax all atoms in the cell. In surface calculations, we fix
the middle one to three layers (depending on the symmetry)
and let all the other layers relax.

DFT has been very successful in understanding and pre-
dicting electronic properties of systems (such as atoms, mol-
ecules, and solids) with strong local atom bonds. However,
for the sparse systems with both local atom bonds and weak
nonlocal van der Waals (vdW) forces between atoms sepa-
rated by empty space, all practical density functional cal-
culations encounter great difficulty which was shown that
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GGA only displays repulsive potential curves with no
minimum.*>* As shown in the next section, the structure of
SnO is layered in the [001] crystallographic direction with a
1/2Sn-0O-1/2S8n sequence and a van der Waals gap between
two adjacent Sn planes of 2.52 A.**45 Therefore, in order
to describe this long range weak vdW interaction between
SnO layers, more correlations are needed under DFT-GGA
scheme. In the literature, there are several ways to deal
with weak vdW interaction.*>*346-%8 Here we adopted the
empirical method, which was proposed by Wu and Yang*?
and has been successfully used to describe vdW character-
istics of many systems (such as rare gas,*> nucleic acid
base pairs,* water-aromatic interaction,*’ hydrogen-bonded
complexes,”®° and interlayer binding in graphite’!), to
handle the vdW interaction in the bulk and low-index sur-
faces of SnO.

For each atom pair separated at a distance R, we add to
the density functional electronic structure calculations an ad-
ditional attraction energy E,gw

G

EvdW = _fd(R)

where f,(R) is the damping function which equals to 1 at
large value of R and 0 at small value of R. The Cy coefficient
defines the asymptotic behavior at long range, with its role
diminishing at short distances. The E, 4y is not a function of
electron density, but a function of nuclear positions. As de-
scribed in Eq. (1), it is independent of DFT calculations and
can be calculated very efficiently. The damping function
makes it applicable to all cases. For the damping function we
take the form of Fermi function

R = — @
1 +exp{—,8(R—— I)J

where the R, is the sum of paired atomic van der Waals
radii. The value of 8 is 23.0.*> The coefficient C between
two atoms A and B can be defined as?**’

53 M}
Cs ~2[Q+@ ' 3)

Here o and of are the dipole polarizabilities of the respec-
tive atoms A and B, and the quantities /4 and Iy are the first
ionization potentials of the corresponding atoms A and B. By
taking the corresponding values of « and I from CRC
Handbook,?* the calculated Cg coefficients of O-O, Sn-Sn,
and Sn-O are 6.569 39, 326.564 87, and 44.194 32 eV A°,
respectively. The obtained Cg of O-O is about 5% lower than
the value (6.945 03 eV A°) reported by Wu and Yang.*> The
van der Waals radii of O and Sn used in this calculation are
1.51 and 2.20 A, respectively.2

Finally, for a given system (bulk or surface), the total
binding energy (E,,) includes two parts

E\oa = Eppr + E EvdW(Ri,j)- 4)

ij
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FIG. 1. The optimized crystal structures of SnO (litharge) and
SnO, (rutile). Darker ball stands for Sn and lighter stands for O. (a)
SnO, each Sn coordinate with four O atoms and each O is sur-
rounded by four Sn atoms; (b) SnO,, each Sn coordinates with six
O atoms and each O is surrounded by three Sn atoms.

The first term (Eppp) comes from the normal DFT calcula-
tions with VASP. The second term sums all pairs (atom i and
atom j should be located on different layers) in the equilib-
rium structure optimized by DFT. The actual boundary con-
ditions of the bulk and surfaces should be applied properly
during these calculations.

III. RESULTS AND DISCUSSION
A. Bulk SnO and SnO,
1. Geometric parameters of the optimized bulk

Although SnO exists in several different crystal structure
forms, experimental and theoretical studies have revealed
that the most stable structure for SnO is the litharge,*3!
whereas the rutile structure is the most stable one for SnO,.
Figure 1 shows the crystal structures of SnO and SnO,. The
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FIG. 2. (Color online) The total binding energy vs cell volume and parameter u for (a) SnO and (b) SnO,. (c) The comparison of binding
energy of SnO vs cell volume with and without van der Waals interactions. The volume scale factor is defined as (V/V;)"/3, where Vj, is the

equilibrium volume of the cell.

crystallographic space group of SnO in litharge structure is
P4/nmm (No. 129) and the lattice constants are a=b
=3.8029 A and c=4.8382 A.**> Each Sn and O atom is
fourfold coordinated with a bond length of 2.23 A. The
structure is layered in the [001] crystallographic direction
with a 1/2Sn-O-1/2Sn sequence and a van der Waals gap
between two adjacent Sn planes of 2.52 A.'245 In the unit
cell, O is at (0,0,0) and (0.5,0.5,0) fractional sites and Sn is
located at (0,0.5,u) and (0.5,0,—u) sites with u©=0.2356.
The space group of SnO, in rutile structure is P4/mnm
(No. 136) and the lattice constants are a=b=4.7373 A and
¢=3.1864 A5253 Each Sn is sixfold coordinated with O
while each O atom is threefold coordinated with Sn.'? In
the unit cell of SnO,, Sn is located at the corner (0,0,0)
and the center (0.5,0.5,0.5), while O is located at = (u,u,0)
and *(u+0.5,0.5-u,0.5) sites with ©=0.307. It can be
seen that the lattice length along the ¢ axis in SnO is close to

the lattice length along the a (or b) axis in SnO,, and vice
versa.

In order to explore their bulk properties, with DFT-GGA
we calculate the total energy as a function of the cell volume
and the relative positions of Sn in SnO and the positions of O
in SnO, by varying parameter u. Figures 2(a) and 2(b) show
the calculated total binding energy with the cell volume and
the parameter u. With the same amount of variation as shown
in Figs. 2(a) and 2(b), it can be found that the binding energy
is more sensitive to parameter u than to the cell volume. It is
clearly shown that there is a minimum energy valley along
the volume change and the position parameter u change.
From them, we can obtain the relationship between energy
(E) and volume (V) or pressure (P) by fitting the correspond-
ing equation of state. The most popular and well widely used
is the Birch-Murnaghan equation of state (E-V). (Refs. 54
and 55),

045332-4



ELECTRONIC PROPERTIES AND STABILITIES OF BULK...

PHYSICAL REVIEW B 77, 045332 (2008)

TABLE II. The fitted parameters of Birch-Murnaghan equation of state for SnO [the experimental crystal constants of SnO (Refs. 44 and

45): a=b=3.8029 A, ¢=4.8382 A] and SnO,.

Optimized
structure and Bulk Cohesive
Method error Ey (eV)* B, (eV/A?) B) Vo (A%)  modulus (GPa)  energy E,. (eV)

SnO DFT a=3.852 A(1.28%)  -23.04048 0.26448 4.61769  74.66650 423 9.83
c=4.969 A(2.70%) 45> 9.6"

DFT+vdW  a=3.810 A(0.19%) —23.66816 0.27222 5.19312  71.89616 43.6 10.15

c=4.915 A(1.59%) 45> 9.6"

SnO, DFT a=4.821 /f\(1.78%) -37.87513 1.12048 5.02232  75.41359 179.3 16.17
¢=3.236 A(1.56%) 218, 138.4¢ 15.5°

#The unit cell contains two SnO or SnO, units; Ey/2 should be used to calculate E..

"From Ref. 29.
‘From Ref. 56.

9XBgVo) | (Vo) .|’
E(V)=Ej+ ——° (—0) -1| xB]
16 v

G ol (3}

By fitting the data of Figs. 2(a) and 2(b) with Eq. (5), we
can obtain the parameters in Eq. (5). The fitted results for
SnO and SnO, are listed in Table II. For SnO, compared to
the experimental measurements, the predicted structural con-
stants have 1.28% and 2.70% deviation along the a and ¢
axes which is less than the values of 1.7% and 4.1% obtained
by Walsh and Watson,>' while the deviation of SnO, is
1.78% and 1.56% along the a and ¢ axes, respectively (see
Table I). It can be seen that for SnO the predicted error along
the ¢ axis is higher than that along the a axis. This is due to
the van der Waals interaction along the ¢ axis which is not
handled well in the DFT scheme.

The bulk modulus B is defined as B=By+B{X P in this
scheme, where P is the pressure which is set to 1 atm. The
optimized equilibrium crystal structures are also listed in
Table II. Since our calculating unit cell contains two SnO or
SnO, formula units, the calculated binding energies of SnO
and SnO, are —15.52 and —18.94 eV, respectively, which are
close to other’s reported values.* The calculated binding en-
ergy difference between SnO, and SnO is 1.71 eV/unit
which is in good agreement with the XPS experimental value
of 1.6 eV.?” The cohesive energy (E() is calculated by sub-
tracting the total bulk energy (E, in Table II) from the sum of
the total energy of Sn and O atoms using the same level of
calculation as we did above for the bulk oxides (in our case,
we put the Sn or O atom in the center of 10X 10X 10 A3
box and get Eg,=-0.6055 ¢V and E5=-1.0826 ¢V). That
is  EX92=(Esy+2X Eg)—Esyo,/n and  EO=(Eg,+Eo)
—Eg,0/n where n is the number of SnO or SnO, units in the
bulk calculations. The calculated E as well as other values
from references are listed in Table II.

Figure 2(c) shows the binding energy of the SnO bulk vs
its cell volume change with and without the vdW interaction
correction calculated from Egs. (1)-(4). From Fig. 2(c), it
can be seen that by including the vdW interactions, the fitted
equilibrium volume decreases 2.6% compared with the DFT-

GGA only approach. The parameters fitted by the Birch-
Murnaghan equation of state Eq. (5) are also listed in Table
II. Obviously as shown in Table II, compared to the DFT-
GGA-only scheme, the vdW correction yields bulk modulus
and structural constants closer to the experimental findings,
while the calculated cohesive energy is about 0.55 eV higher
than a reported value.?® As shown in Fig. 1(a) the vdW in-
teraction is along the ¢ axis. Without a correction of the vdW
interactions among the SnO layers, the predicted error
(2.70%) of the crystal structure constant ¢ is greater than that
of the corresponding SnO, (1.56% as shown in Table II).
After applying the correction of the vdW interactions for
SnO, the predicted error drops to 1.59% which gives almost
the same precision as in the case of the SnO, bulk. These
results reveal that the pure DFT-GGA scheme does not fully
describe the interacting behavior of the bulk SnO and the
precision of the calculation can be improved by including the
vdW interactions.

From Table II it also can be seen that our fitted bulk
modulus (B) for SnO is quite close to the other reported
value,? and for SnO, the fitted B is lower than some other
report,”® but still reasonable since a different fitting could
obtain different values. For example, Camargo et al.’® ob-
tained a B value of 138.4 GPa. Haines and Leger®’ reported
the B value for SnO, is between 199 and 208 GPa. Addition-
ally, it should be pointed out that in some fitting procedures
the value of B is set to 4.0 and unchanged. In our fitting, we
did not apply such constrains and let all the parameters vary.
From Table II, one can see that our fitted By is around 5.

2. Electronic structural and thermodynamic properties

From our calculated band structures of SnO and SnO,, we
found that SnO has an indirect band gap of 0.32 eV while
SnO, has a direct band gap of 0.69 eV which are similar to
other calculated results.3?6-38-60 The calculated band gap of
SnO is very close to the recent reported value of 0.3 eV by
ab initio FP-LAPW approach.’> Due to the DFT approxima-
tions, which underestimate the excited state energies, the cal-
culated band gaps of the SnO and SnO, are smaller than their
experimental measurements (2.5-3 eV for SnO and 3.6 eV
for Sn0,,>! 0.7 eV for Sn0O%). One possibility for such
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FIG. 3. The calculated density of states of SnO (a) and SnO, (b). The Fermi level (E)) is set as relative zero.

large differences is that in tin oxides the correlation effects
are large, and the large gaps observed experimentally arise
because these oxides are essentially Mott insulators. Chris-
tensen et al.®* showed that the band gap width of tin oxide
depends sensitively on the c¢/a ratio. Under the present DFT-
GGA approach without other corrections, although different
software packages may yield slightly different values (for
example, with the CASTEP package the calculated band gap
of SnO, is about 1.15 eV),%* the calculated band gaps of tin
oxides are always smaller than the experimental
measurements.3>>638-60 There are several ways to correct it:
one is to apply the GW method or GGA + U, another is to use
so called scissor operation that simply shifts rigidly the un-
occupied energy level.!>%%5 For both SnO and SnO,, their
band structures can be divided into two valence bands (VBs)
and one conduction band (CB). In both SnO and SnO,, the
second VB (below —15 eV) is dominated by O s orbitals.
The first VB (0 to—10 eV) and the CB are formed by the
O p orbitals with the s, p, and d orbitals of Sn.

Similar to the graphite layer structure, the SnO layers are
also mainly bonded by van der Waals interactions. Unlike the
sp* hybridization of carbon in graphite, in SnO, the Sn and O
are hybridized by nonequivalent sp? orbitals, where each Sn
is bonded by four O and each O is bonded by four Sn atoms.
Dissimilar from the C in graphite, there is no unbonded p,
orbital of Sn left in SnO which prevents the semi-metal-like
character of the band structure which is found in graphite.

The corresponding total and partial densities of states
(TDOS and PDOS) for SnO and SnO, are shown in Figs.
3(a) and 3(b). From the TDOS shown in Fig. 3, one can see

that both SnO and SnO, have one very low peak below
—15 eV which corresponds to the second VB. The shapes of
their first VBs and CBs are different due to the different
bonding.

From the PDOS of Sn in SnO shown in Fig. 3(a), one can
see that below the Fermi level in the first VB (in the range
between 0 and —10 eV) the s orbital of Sn in SnO has a
larger contribution than its p and d orbitals and above the
Fermi level in the CB the p orbital of Sn has a larger contri-
bution than its s and d orbitals have. The Sn d orbital does
not contribute much in the VB and the lower part of its CB.
A similar conclusion has also been drawn by Errico’s recent
reports.>> However, in Fig. 3(b) of SnO,, comparing it with
the case of SnO [Fig. 3(a)], one can see that in the upper part
of the first VB the p and d orbitals of Sn play an important
role in the formation of this valence band and its s orbital
dominates the lower part of the first VB. But in the lower
part of its CB, the s orbital of Sn has a larger contribution
than its p and d orbitals have. The upper part of its CB is
mainly dominated by the p and d orbitals of Sn.

From Fig. 3, one can see that for SnO and SnO, their
PDOS of O are quite similar to each other. The s orbital of O
has lower energy and contributes to the second VB below
—15 eV and does not take part in chemical bonding with Sn
much. The p orbitals of O are involved in the formation of
the first VB and the CB. Similar conclusions were also made
by Watson,*® Walsh et al.,3! and Errico.3? The resonant pho-
toemission for SnO also showed that the O 2p, Sn Ss, and
Sn 5p partial density of states are the main contributors to
the valence band.?®
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It has been proven that the Gibbs free energies of solid
phases have relatively small variation (<10 meV) in a wide
range of temperature (<1500 K) and pressure (<100 atm),%
as an approximation, we can neglect the zero point energy
change and the free energy change of SnO and SnO,. The
chemical potential change [Aw(T,P)] of the reaction
SnO(s)+0.50,(g) — SnO,(s) with temperature and pressure
dependent is approximated as®’

Au(T,P) = AE*(0,0) + AHo (T, po) IRTIn Po,, (6)

where AE?(0,0) is the energy change between SnO, and
SnO and O, calculated by DFT, and the second term
AHg (T, pq), which can be found in the empirical thermody-
namic database,?* is the standard enthalpy of the O, gas
phase which are contributed from rotations, vibrations, and
the ideal-gas entropy at pressure p,.

With the same calculation approach, we put an O, mol-
ecule into the center of a 20X 20X 20 box, the calculated
energy of O, is —8.7331 eV. The obtained energy change
[AE®(0,0)] for the reaction SnO(s)+0.50,(g) — SnO,(s) is
—2.737 eV(=-63.2 kcal/mol). According Eq. (6), at room
temperature (7=298.15 K), AHo (T,pg)=0.0,** when Po,
=1 atm, the Au(T,P)~AE’(0,0)=—63.2 kcal/mol which is
comparable to the value of —70 kcal/mol calculated from the
heats of formation.>>* This indicates that the SnO, is the
thermodynamically most stable form of tin oxides and the
reaction is feasible to form SnO, from SnO when O, is pre-
sented. According to Eq. (6), the reverse reaction to dissoci-
ate SnO, to SnO and O, could be occurred when Au(T, P)
=(. Obviously, this reverse reaction needs to consume huge
amount of energy and therefore is not favorable and only can
happen at very high temperature and at very low O, pressure.
This conclusion agrees with the experimental facts that the
SnO, can be decomposed into SnO and O, starting at
1500 °C.2

B. Low-index surfaces of SnO and SnO,

Starting from the optimized equilibrium crystal structures
of SnO and SnO,, for all possible terminations on each low-
index surface, we can generate the low-index surfaces which
can be stoichiometric or nonstoichiometric. As we pointed
out in the Introduction, except for the (111) surface, the stoi-
chiometric low-index surfaces of SnO, have been widely in-
vestigated in the literature.>”-314986% Here in this study, we
are focusing on the surfaces of SnO and the (111) surface of
SnO,. For comparison, the results of other stoichiometric
surfaces of SnO, are also presented when necessary.

To generate the surface slab from the bulk, we either keep
both surfaces of the slab identical or after performing trans-
lation or inverse symmetry on the surface plane they become
the same, after which we can cleave atoms layer by layer to
obtain different terminations. In this way the generated sur-
faces are nonpolar. With this constraint, for some surfaces
[such as (001), (100), and (011)], we can only generate the
stoichiometric slab in which both surfaces are the same. For
some other surfaces [such as (110) and (111)] we can gener-
ate both stoichiometric and nonstoichiometric slabs (see the
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following subsections). It should be pointed out that without
the constraint of both surfaces of the slab being the same we
can get more surface slabs for different terminations than
those presented in this work. However, in that way, some of
them are mixed polar surfaces, in which both surfaces of the
slab are not the same. Therefore, in this work, all generated
surface slabs are symmetric (which means both surfaces are
the same) and can be stoichiometric or nonstoichiometric.
All surfaces are generated by the Accelrys’ MATERIALS STU-
DIO 4.1 software package.

Following the above procedure, all possible symmetrical
stoichiometric low-index surfaces of SnO and (111) surfaces
of SnO, are generated and shown in Fig. 4. For comparison,
the stable low-index symmetric stoichiometric surfaces of
SnO, are also shown in Fig. 4. Figure 5 shows all possible
symmetrical nonstoichiometric low-index surfaces of SnO
and (111) surface of SnO,. Comparing Fig. 4 with Fig. 5 one
can see that only (110) and (111) low indices of SnO and
(111) index of SnO, can have symmetric nonstoichiometric
surfaces [except for (111) surface, we did not apply this pro-
cedure to other low-index surfaces of SnO,]. Since in this
work we are investigating the pure clean surface, these sur-
faces can be represented by a 1 X 1 surface. As we discuss in
the next subsection, the number of layers does affect the
calculation precision, the actual number of layer in our cal-
culations (=6) is more than the layers shown in Figs. 4 and
5 where less layers and more than one unit cell along the
surface are presented just for display purposes.

For stoichiometric surfaces, usually the surface energy
(Equs) can be defined as the energy of the surface slab related
to its bulk reference:!27813.16.70

Egap — nEpuk

E surf — 24 4 (7)
where E,, is the total energy of the surface slab, Ey is the
total energy of the bulk material SnO or SnO,, A is the
surface area with a factor of 2 due to each slab containing
two surfaces, and n is the number of SnO or SnO, formula
units in the slab. From our calculations, E,;(SnO)=
—11.521 eV, and E};;(Sn0,)=-18.942 eV.

For the nonstoichiometric symmetric surface slab, there is
no standard definition for the surface energy. Here, we fol-
low the thermodynamic formalism proposed by Reuter and
Scheffler’! to calculate the surface free energy y(p,T), which
can be applied for both stoichiometric and nonstoichiometric
surfaces. Considering a surface in contact with oxygen atmo-
sphere described by an oxygen pressure p and temperature 7,
the appropriate thermodynamic potential required to describe
such a system is the Gibbs free energy G(T,p,Ng,,No)
where Ng, and N are the number of Sn and O atoms in the
sample. The most stable surface composition and geometry
is then the one that minimizes the y(p,T), defined as

1
'}’(P’ T) = E[Gsmb(p’ T,NSn,NO) - NSn/uSn(p, T)

_NOMO(T,P)], (8)

where ug,(p,T) and ug(p,T) are the chemical potentials of a
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(a) SnO (001)_Sn

(¢) SnO (100)/(010)_SnO

(d) Sn0; (100)/(010)_O (h) SnO (110)_Sn

(1) Sn0; (111)_O

FIG. 4. (Color online) The low-index symmetrical stoichiometric surfaces of SnO and SnO,. Darker balls represent the Sn atoms while
brighter balls the O atoms. Notations _O, _Sn, and _SnO correspond to O, Sn, and mixed O and Sn terminations, respectively.

Sn and an O atom, and can be related by the Gibbs free Inserting Eqgs. (9a) and (9b) into Eq. (8) leads to
energy of the bulk SnO, and SnO [g™*(p,T)]
)+ 2u0(p,T) = g6 (p. 1), 9 1
Hsn(p.T) + 2410(p.T) = 80, T) () Ysno, (P> T) = a[Gzlsgz(P,T,NSn,No) ~ Nsug$n0,(PT)
psa(P:T) + io(p.T) = g&s(p.T). (9b) +(2Ng, = No) o (T, p)], (10a)
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(a) SnO (110)_O

(b) SnO (110)_Sn

(¢) SnO (111)_O

(H SnOy (111)_SnQ

FIG. 5. (Color online) The low-index symmetrical nonstoichiometric surfaces of SnO and the (111) surfaces of SnO,. Darker balls

represent Sn atoms while brighter balls the O atoms.

1
’YSnO(p’ T) = E[Gglr?]())(p’ T’NSn’NO) - NSnggltlllé(p9 T)

+ (N = No)uo(T,p)]. (10b)

The Gibbs free energy of formation (AG,) of SnO, and
SnO are defined as

AGH™p,T) = 836, (p.T) = g5n (. T) = g55(p. 1),
(11a)

AGH™(p.T) = 88o(p. T) = g5 (p.T) = 3855(p. T).
(11b)

where g%a;(p, T) is the Gibbs free energy of an O, molecule

and g2(p,T) is the Gibbs free energy of the bulk tin. The
range of oxygen chemical potential is
5AGF(0,0) < po(p,T) = 3ES" <0 (SnO,),
(12a)
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AG"©(0,0) < po(p.T) - %Eg;a‘ <0 (Sn0O), (12b)

where E‘g;ﬂ is the total energy of a free, isolated O, molecule
at T=0 K. The calculated EG™, AG}™(T—0 K, 1 am),
and AG}"(T—0XK,1atm) are -8733, -6342, and
—3.288 eV, respectively. This range gives the upper and
lower bounds of uq(p,T) which refer to O-rich and O-poor
limits.

Obviously, as an approximation, for the calculated total
energy (Epyy.Eqa,) One can substitute the Gibbs free energy
(g®, G*1%) in Egs. (10a) and (10b) by neglecting zero vi-
brations and temperature. The surface free energy y(p,T) is a
function of the oxygen chemical potential. In the case of
stoichiometric surfaces, the surface free energy only depends
on the total energy (Epux,Eqqp) and Egs. (10a) and (10b) are
simplified to the traditional surface energy definition (7).!314

1. Effects of slab thickness

In order to explore how many layers are needed to repre-
sent the surface slab and to obtain reasonable results, we
calculated the surface energy for different numbers of layers
of slab. In order to remove the effects of the vacuum size
added in our slab to form the supercell, we kept the volume
of supercell unchanged by adjusting the size of vacuum (with
a minimum of 10 A) for different layer systems. As an ex-
ample, Figs. 6(a) and 6(b) show the relation between surface
energy and the number of layers in the SnO and SnO, slabs,
respectively.

From Fig. 6 one can see that the surface energy varies
with the number of layers in the slab. When the number of
layers is 5 or higher, the surface energies start to converge to
a constant value. Therefore, for the surface calculation, in
order to achieve reliable results, the number of layers should
be greater than 5. Bates et al.”® investigated the energetic
relationship of slab thickness for TiO,(110) and obtained a
similar conclusion, namely, that at least six layers are neces-
sary to achieve similar convergence of the surface energy.
Bergermayer and Tanaka® concluded that a five layer slab for
the (110) SnO, surface and a seven layer slab for the (101)
SnO, surface with a vacuum of 10 A are sufficient to obtain
results with convergence in Eg,; within 5 meV/A. In the
following calculations, we generate the surface with at least
six layers. The exact number of layers for different index
surfaces is given in the following subsections.

Like bulk calculations, the surface system is also treated
with the periodic boundary condition and neutral charge. We
also examined the effects of the size of vacuum added to the
SnO, (110) surface slab to form the supercell. Our results
show that increasing the vacuum size can lead to a little bit
lower surface energy. Compared with the vacuum size (Lv)
=10 A added into the same SnO, (110) surface slab, the total
binding energy changes are 0.019, —-0.007, —0.010, and
—0.013 eV for Lv=5, 20, 30, and 40 A, respectively. In our
following calculations, we typically set the vacuum size for
all surface slabs to at least 10 A to obtain reliable results.

2. (001) surface

The (001) surface of SnO is shown in Fig. 4(a), which is
a stoichiometric surface with Sn on top. The O is located in
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FIG. 6. The variation of the surface energy with number of
layers in the slab. (a) the (001) and (100) surfaces of SnO [see Figs.
4(a) and 4(c)], (b) the (110) and (100) surfaces of SnO, [see Figs.
4(i) and 4(d)].

the valley between Sn atoms. However, for the (001) surface
of SnO,, both Sn and O are on the surface [see Fig. 4(b)].
The generated (001) 1X 1 surface slabs of SnO and SnO,
contain Sn;4O4 and Sn;30,¢ with 14 and 13 layers of Sn,
respectively.

With Eq. (7), we can calculate the surface energies of the
(001) surfaces of SnO [Fig. 4(a)] and SnO, [Fig. 4(b)]. The
results obtained are 0.081 and 1.872 J/m?, respectively. Ob-
viously, the SnO, (001) surface has a much higher surface
energy than the SnO (001) surface does. Therefore, the SnO
(001) surface is more stable than the SnO, (001) surface.
Comparing Fig. 4(a) with Fig. 4(b), one can see that on the
(001) surface of SnO only Sn atoms are on the surface and
their valence is already saturated. Comparing Fig. 4(a) with
Fig. 1(a), it is clear that in order to form the (001) surface of
SnO only the van der Waals interactions between two adja-
cent Sn planes are broken and these kinds of interactions are
normally weaker compared to the chemical bonding. How-

045332-10



ELECTRONIC PROPERTIES AND STABILITIES OF BULK...

TDOS of SnO (001)

40
20|

:

c T
‘= 1st layer:Sn
= 2]
=
t S
! ,A\ﬁ
: ﬁ\L
%]
N
S
m T T T T T T
= 204 2nd layer:O
>
N
z
S 101
a
0 T T T M JALI
3rd layer: Sn
21
0 %'VL . . . \— —
-20 -15 -10 -5 0 5

Energy (E-E) (eV)

PHYSICAL REVIEW B 77, 045332 (2008)

TDOS of SnO2 (001)
60
30
c 0 T T T T T T
5 20 1st layer:Sn & O
=
£
< 104
wn
<
8
m 0 T T T T T T
< 2nd layer: Sn & O
&
.; 5
=
)
) /\A\h
0 T T T T } T
104 3rd layer: Sn & O
0 — T T T +— T
-20 -15 -10 -5 0 5
(b)

Energy (E-E) (eV)

FIG. 7. The total and layer resolved partial density of states of the (001) surfaces of SnO (a) and SnO, (b).

ever, in the case of SnO,, in order to form its (001) surface
there are several chemical bonds for both Sn and O on the
surface layer that need to be broken, which results in a higher
surface energy.

The calculated TDOS of the (001) surface slab and the
PDOS of the top three layers of SnO and SnO, are shown in
Fig. 7. Comparing the TDOS of the (001) surface shown in
Fig. 7 with the TDOS of bulk SnO and SnO, shown in Fig.
3, it can be seen that the big differences are around the Fermi
level. In the case of the SnO (001) surface shown in Figs.
7(a) and 4(a), the top layer is Sn, and the second and third
layers are O and Sn, respectively. The surface state is domi-
nated mainly with the 5s and 5p orbitals of the first layer of
Sn and the 2p orbitals of the second layer of O. The PDOS of
the first layer of Sn and the third layer of Sn are quite dif-
ferent because the first layer of Sn forms the surface state
and the behavior of the third layer of Sn is more like the Sn
in the bulk. However, in the case of the SnO, (001) surface
shown in Figs. 7(b) and 4(b), the surface layer contains both
Sn and O just like its bulk. Although the PDOS of each layer
is different due to the formation of the surface state, from the
first to third layer, its PDOS is becoming similar to its bulk
DOS as shown in Fig. 3(b).

3. (100) or (010) surface

For SnO and SnO,, their (100) and (010) surfaces are
identical. For SnO there is only one type of termination for
the (100) or (010) surface which is stoichiometric and is

shown in Fig. 4(c). Unlike its (001) surface as shown in Fig.
4(a), each layer of this type of surface contains both O and
Sn. The surface is perpendicular to each slice of SnO. Along
the (100) direction (which in the figure is horizontal) there
are parallel repeats of Sn-O slices. These slices are mainly
bonded to each other by weak van der Waals interactions.
Therefore, this surface should have higher surface energy
and be less stable compared to its (001) surface. Compared
with SnO, the (100) surface of SnO, could have several dif-
ferent terminations and several possible stoichiometric or
nonstoichiometric surfaces. However, as pointed out by other
researchers,!814 the one with the O termination is the most
stable (100) surface as shown in Fig. 4(d). Similar to the
(001) surface, the generated (100) or (010) 1X 1 surface
slabs of SnO and SnO, are Sn;,O;, and Sn;;0,, with 10 and
11 layers of Sn, respectively.

The calculated Eg, of the SnO (100) surface is
0.39 J/m?, which is higher than its (001) surface
(0.081 J/m?). On the SnO, (100) surface, the O in Fig. 4(c)
is on the top layer and its valence is not saturated, thus it can
interact with other molecules easily. Therefore, it is not sur-
prising that the SnO, (100) surface has higher surface energy
(1.128 J/m?) than the SnO (100) surface does.

The calculated TDOS of the (100) surfaces and PDOS of
the first three layers of SnO and SnO, are shown in Fig. 8.
From Figs. 4(c) and 8(a), it can be seen that in the SnO (100)
or (010) surface each layer contains both Sn and O. The
PDOS of the top layer has some differences compared with
the inner second and third layers because on the top layer Sn
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FIG. 8. The total and layer resolved partial density of states of the (100) or (010) surfaces of SnO (a) and SnO, (b).

and O are threefold bonded whereas in the inner layer they
are fourfold bonded to each other. In Figs. 4(d) and 8(b), the
SnO, (100) or (010) surface terminates with O, the second
layer is Sn, and the third layer is O again. From the PDOS of
these three layers shown in Fig. 8(b), it can be seen that the
bonding in the first layer of O is different from that in the
third layer of O because on the top layer the O is twofold
bonded where in the inner layer it is threefold bonded.

4. (101) or (011) surface

Just as the (100) and (010) surfaces, the (101) and (011)
surfaces of SnO and SnO, are the same. From its optimized
bulk structure we can generate two kinds of low-index sur-
face slab for SnO in which O or Sn is on the top layer. These
two kinds of surfaces are stoichiometric as shown in Figs.
4(e) and 4(f). In both cases, the top O in Fig. 4(e) and the top
Sn in Fig. 4(f) are threefold bonded which is different from
their coordination in bulk where both O and Sn are fourfold
bonded with each other. From Figs. 4(e) and 4(f) it can be
seen that the distance between the first two layers is much
shorter than the distance between the second and third layers.
Compared to its (100) surface shown in Fig. 4(c), it can be
seen that the structural patterns have some similarities, but
their atom arrangements on each layer are not the same and
the repeat unit along b direction in the (101) surface is larger
than that in the (100) surface. Unlike in the (100) surface, the
O and Sn in the (101) surface slab are not on the same plane.
The stable stoichiometric (101) surface for SnO, is also

shown in Fig. 4(g) in which the O terminated on the top
layer.

Similar to their (100) surfaces, the generated (101) or
(011) 1X 1 surface slabs of SnO and SnO, are Sn;y0,
Sn;yOp, and Sn;,0,, with ten, ten, and six layers of Sn
respectively. The calculated surface energies (see Table III)
show that the O terminated surface [Fig. 4(e)] has a little bit
lower Eg, than the Sn-terminated surface [Fig. 4(f)] by
0.06 J/m?. This is because the dangling bonds of O in Fig.
4(e) are less than that of Sn in Fig. 4(f). Therefore, the
O-terminated surface in Fig. 4(e) is more stable than the
Sn-terminated surface in Fig. 4(f). Comparing the SnO,
(101) surface shown in Fig. 4(g) with the SnO (101) sur-
faces, one can see that on the SnO, (101) surface the O is on
the top and the Sn is on the second layer. However, the
second layer of Sn is still exposed to the surface between the
first layer of O. Therefore, the second layer of Sn also con-
tributes to the surface and possible acts as active sites.

In Fig. 9 are given the TDOS of SnO and SnO,
(101)/(011) surfaces and PDOS of their top three layers.
Comparing the TDOS of the bulk SnO in Fig. 3(a) with the
TDOS of its (101) surfaces in Figs. 9(a) and 9(b), it can be
seen that the surface states are located around the Fermi
level. In the case of the O-terminated (101) surface [Figs.
4(e) and 9(a)], the PDOS of the second layer of Sn is quite
different from that of the third layer of Sn, which means that
the second layer of Sn is strongly involved in surface state
formation. Although the distance between the third layer and
the second layer is quite small as shown in Fig. 4(e), the
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TABLE III. The calculated surface energy for SnO and SnO, (J/m?).

Surfaces (001) (010)/(100) (101)/(011) (110) (111)
SnO DFT 0.081% 0.390P 0.407,2 0.347¢ 0.503% 0.527%
DET+vdW 0.184% 0.445° 0.507,2 0.454¢ 0.564% 0.810?

SnO, DFT 1.871° 1.128¢ 1.461¢ 1.035¢ 2.071,> 1.887¢
1.84, 4 1.72,¢ 1.74° 1.27,9 1.14,5 0.92f 1439 1.33,° 1.28f 120,9 1.04, 1.01F 2.217¢

4Sn-terminated surface.

PBoth Sn- and O-terminated surface.
€O-terminated surface.

dFrom Ref. 73.

third layer of Sn is far from the top O compared to the
second layer of Sn, which results in weaker interactions and
less contributions to the surface states. A similar conclusion
can also be drawn for the case of the Sn-terminated (101)
surface of SnO [Figs. 4(f) and 9(b)] in which the second
layer of O is strongly involved in surface state formation
compared to the third layer of O. In the case of the SnO,
(101) surface, both the first layer of O and the second layer
of Sn are involved in forming the surface state. Both TDOS
and PDOS of SnO (101) surfaces are quite different from
those of SnO, (101) surfaces [Figs. 4(g) and 9(c)], which is
due to the different structures and bonding. As one can see
that the bonding in the SnO, (101) surface is much stronger
than that in the SnO (101) surfaces, where the latter has van
der Waals interactions between the slices. The relative inten-
sities of their DOS, given in Fig. 9, also show this feature.

5. (110) surface

Compared with other low-index surfaces of SnO,, its
(110) surface has been intensively investigated both in ex-
perimental and theoretical studies,®”-14-16:185872 and it has
been proved that this surface is the most stable one with the
lowest surface energy. Our calculated results also reach the
same conclusion (see Table III for details). The structure of
the SnO, (110) surface is shown in Fig. 4(i) in which the O
is on the top layer and between the O’s there is a large gap
which exposes the second layer O and Sn.

As for SnO, from its optimized bulk structure, three pos-
sible (110) symmetrical surfaces can be obtained as shown in
Fig. 4(h), and Figs. 5(a) and 5(b), respectively. Strictly
speaking, it is impossible to generate a stoichiometric sym-
metrical (110) surface of SnO by simply cleaving surface
atoms layer by layer. The one shown in Fig. 4(h) is obtained
in a different manner by cleaving half of the Sn on the sur-
face layer of Fig. 5(b). This surface has Sn-O-Sn repeating
layers parallel to the surface. Figures 5(a) and 5(b) are two
possible symmetric nonstoichiometric (110) surfaces of SnO
that within the SnO (110) surface slabs the Sn-O slices are
arranged in parallel. Among these slices, only van der Waals
interactions bind them together. On the surface, either O or
Sn twofold binds with Sn or O which is different from its
bulk in which both O and Sn are fourfold bonded.

The generated (110) 1X1 surface slabs of SnO are
Sn;,015, Sni0,, and Sn;,O[, with seven, five, and six lay-
ers of Sn and six, six, and five layers of O, respectively.

°From Ref. 14.
fFrom Ref. 2.
gFrom Ref. 12.

However, the generated (110) 1X 1 surface slab of SnO, is
Sn;gO, with six layers of Sn. The calculated surface ener-
gies of the (110) stoichiometric surfaces of SnO and SnO, as
shown in Figs. 4(h) and 4(i) are 0.503 and 1.054 J/m?, re-
spectively. Although among the low-index surfaces of SnO,,
the (110) surface is the most stable one, when comparing that
with the (110) surface of SnO one can see that the surface
energy of SnO (110) is even lower than that of the SnO,
(110) surface.

To deal with the symmetrical nonstoichiometric surfaces
[Figs. 5(a) and 5(b)], following Egs. (10b), (11b), and (12b)
the surface free energies [y(p,T)] are calculated with the
different oxygen chemical potentials [uq(p,T)]. Figure 10
shows the relationship between y(p,T) and ug(p,T) of the
(110) surfaces of SnO. In our case, the condition is p
=1 atm, 7T—0 K.

From Fig. 10, one can see that the y(p,T) of the stoichi-
ometric (110) surface is the same as its Eg, calculated from
Eq. (6) and remains unchanged with a varying uo(p,T). The
v(p,T) of the Sn-terminated nonstoichiometric (110) surface
of SnO [Fig. 5(b)] increases with increasing po(p,T). Dur-
ing the whole range of uq(p,T) it is greater than the y(p,T)
of the corresponding stoichiometric surface, which means
this kind of nonstoichiometric surface [Fig. 5(b)] is unstable.
However, for the O-terminated nonstoichiometric surface as
shown in Fig. 5(a), its y(p,T) decreases when the wo(p,T)
change from O poor to O rich and when ug(p,T) close to
reach O-rich bound the y(p,T) of this surface is lower than
the corresponding stoichiometric ones, which means under
O-rich condition with higher wo(p,T) this surface could be-
come more stable than the corresponding stoichiometric sur-
face.

In Fig. 11 are shown the TDOS of the (110) surfaces of
SnO and SnO,. From the TDOS of the SnO nonstoichiomet-
ric (110) surfaces shown in Figs. 11(a) and 11(b), it can been
seen that these two surfaces are quite different. For the Sn-
terminated (110) surface [Fig. 11(b)], there is no gap be-
tween the first VB and the CB (precisely at I' point). Com-
paring to O-terminated surface as shown in Fig. 11(a), its CB
is shifted to the valence band side. In the case of the
O-terminated (110) surface of SnO, the s orbital of the sec-
ond layer of Sn also has some contributions to the lowest
VB, whereas in the case of the Sn-terminated (110) surface it
only has a relative small contributions. Therefore, the Sn-
terminated surface should have higher surface energy than
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the O-terminated surface. From the TDOS of the stoichio-
metric (110) surface of SnO as shown in Fig. 11(c), it can be
seen that there is an obvious gap between the first VB and
the CB. The TDOS of the SnO, (110) surface is shown in
Fig. 11(d). From their PDOS (not shown in the figure) the
surface states are dominated by the first layer of O and the
second layer of O and Sn because the PDOS of the third

layer of O is similar with that in its bulk [Fig. 3(b)].

6. (111) surface

Only three different types of SnO (111) symmetrical sur-
faces can be obtained from its optimized bulk and are shown
in Fig. 4(j) and Figs. 5(c) and 5(d). Both Figs. 5(c) and 5(d)
are nonstoichiometric surfaces while Fig. 4(j) is a stoichio-
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metric one. Unlike other low-index surfaces, the repeat unit
of these surfaces is not a rectangle, but a hexagonal with the
angle between a axis and b axis of 116°. Comparing to its
(110) surface as shown in Fig. 4(h), one can see that their
patterns of atom arrangements are much similar to each
other. However, the distances between atoms are not the
same. Unlike the (110) surfaces, the (111) surface has a
larger size of repeat unit cell and are not rectangle, the repeat
layer is in the pattern of [O-Sn-Sn-O] and the Sn atoms are
not on the same plane. The generated (111) 1X 1 surface
slabs of SnO are Sn;,04,, Sn;,04, and Sn;4,04, with 12, 12,
and 14 layers of Sn and 6, 7, and 6 layers of O, respectively.

The (111) surface of SnO, has not attracted researchers’
too much interests and is rarely studied. Using ionic model,
Mulheran and Harding!? investigated the stability of a num-
ber of SnO, surfaces. From their calculated excess energy
per unit cell (AE), they concluded that the (110) surface is
the most stable surface with AE=1.380 J/m? and the (111)
surface is the second unstable surface with AE=2.217 J/m?>.
Surprisingly, the most unstable surface for SnO, they pre-
dicted is (001) with AE=2.366 J/m>.

Starting from the optimized equilibrium crystal structure
of SnO, as shown in Fig. 1(b), four possible symmetric (111)
surfaces of SnO, are generated and shown in Figs. 4(k), 4(1),
5(e), and 5(f), respectively. The generated (111) 1 X 1 surface
slabs of SnO, are Sn;;034, Sn130,, Sn13044, and Sn;70x4
with 17, 13, 13, and 17 layers of Sn and 24, 20, 18, and 27
layers of O, respectively. Figure 5(e) is a Sn-terminated sur-
face and Fig. 4(1) is an O-terminated one. Although the top
Sn and O atoms are not on the same plane as shown in Fig.
5(f), they are quite closer and can be treated as in the same
surface layer. It also can be seen that although both of Fig.
5(f) and 4(k) are O- and Sn-terminated surfaces, their pat-
terns of atom arrangements are quite different. On the sur-
face, as shown in Fig. 5(f) Sn has five O coordinations while
in Fig. 4(k) it only has four O coordinations. Actually, the
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FIG. 11. The total density of states of the (110) surfaces of SnO
and SnO,. (a) The O-terminated nonstoichiometric (110) surface of
SnO, (b) the Sn-terminated nonstoichiometric (110) surface of SnO,
(c) the Sn-terminated stoichiometric (110) surface of SnO, and (d)
the O-terminated (110) surface of SnO,.

surfaces as shown in Figs. 4(k) and 4(1) are stoichiometric
surfaces and Figs. 5(e) and 5(f) are the nonstoichiometric
ones. Similar to the SnO (111) surface, unlike other low-
index surfaces, the (111) surface is not an orthogonal rect-
angle repeat unit, instead, the angle between a and b axes is
around 110°. Our calculated results also show that during
formation of the (111) surfaces there exist obvious recon-
structions, especially in Fig. 4(1) the top O atoms move to-
ward the left side of the second layer Sn atoms. More details
about the atom displacements are discussed in the next sec-
tion.

Following Eq. (7), the calculated surface energies of the
(111) stoichiometric surfaces of SnO and SnO, are 0.527,
2.072, and 1.887 J/m? for the surfaces shown in Figs.
4(j)-4(1), respectively. Obviously, the O-terminated (111)
surface of SnO, [Fig. 4(1)] is more stable than the surface
terminated both with O and Sn [Fig. 4(k)], and the surface
energy of the (111) surface of SnO is lower than the corre-
sponding (111) surfaces of SnO,. If we only consider the
stoichiometric surfaces of SnQ,, it can be seen from Table III
that the SnO, (111) surface has the highest surface energy
and is most unstable. This may be the part of the reason why
this surface did not attract researchers’ interests.

Following Egs. (10a), (10b), (11a), (11b), (12a), and
(12b), the surface free energies [y(p,T)] of the (111) sur-
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faces of SnO and SnO, are calculated with the different oxy-
gen chemical potential [ uo(p,T)]. Figure 12 shows the rela-
tionship between y(p,T) and ug(p,T) for the (111) surfaces
of SnO and SnO,. Again in our scheme, the y(p,T) of the
stoichiometric surfaces are constant within the whole rang of
Mo (P ’ T)

From Fig. 12(a), one can see that the y(p,T) of the Sn-
terminated nonstoichiometric (111) surface of SnO [Fig.
5(d)] increases with increasing ug(p,7T), and during the
whole range of ug(p,T) it is greater than the y(p,T) of the
corresponding stoichiometric surface, which means this kind
of nonstoichiometric surface [Fig. 5(d)] is unstable. How-
ever, for the O-terminated nonstoichiometric surface as
shown in Fig. 5(c), its y(p,T) decreases when uq(p,T)
changes from O poor to O rich and when wq(p,T) close to
reach O-rich bound the y(p,T) of this surface is lower than
the corresponding stoichiometric ones, which means under
O-rich condition with higher uq(p,T) this surface could be-
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come more stable than the corresponding stoichiometric sur-
face.

From Fig. 12(b), one can see that the y(p,T) of the Sn-
terminated nonstoichiometric (111) surface of SnO, [Fig.
5(e)] increases with increasing wo(p,T), and interestingly, it
is lower than the corresponding stoichiometric surfaces until
uo(p,T) reach O-rich bound. This indicates that this nonsto-
ichiometric symmetrical (111) surface of SnO, with Sn ter-
minated could be stable when the u(p,T) is not too high [
<-0.5 eV in Fig. 12(b)] to reach its O-rich bound. For the
O- and Sn-terminated nonstoichiometric surfaces shown in
Fig. 5(f), its y(p,T) decreases when the ug(p,T) change
from O poor to O rich and when wuo(p,T) close to reach
O-rich bound the y(p,T) of this surface is lower than the
corresponding stoichiometric surface with O terminated,
which means under O-rich condition with higher ug(p,T)
this surface could become more stable than the correspond-
ing stoichiometric surfaces.

The TDOS of the (111) surfaces of SnO and SnO, are
shown in Figs. 13(a) and 13(b). From Fig. 13(a) one can see
that for the nonstoichiometric surfaces of SnO there is no
gap above Fermi level and the distance between two Sn lay-
ers is quite small [the second and third layers in Fig. 5(c), the
first and second layers in Fig. 5(d)], all of these three layers
are strongly binding and contribute to the surface states. For
the O-terminated surface, the p orbitals of top O and the
underneath Sn mainly form the surface states. However, in
the Sn-terminated surface, the surface states are mainly from
the top two layers of Sn. Compared to the stoichiometric
(111) surface shown in the bottom of Fig. 13(a), the bands of
Sn-terminated nonstoichiometric (111) surface are shifted to
the lower energy part.

From Fig. 13(b), it can be seen that the TDOS for these
four (111) SnO, surfaces are quite different. In the case of
Sn-terminated surface shown in Fig. 5(e), the distance be-
tween the second layer of O and the third layer of Sn and O
is quite small, therefore, both of them are interacting with the
top layer of Sn to form surface states. Whereas in the case of
the O-terminated surface as shown in Fig. 4(1) and in the
lowest part of Fig. 13(b), the second layer of Sn atoms and
part of the third layer O atoms are exposed to the surface,
they are strongly contributing to the surface states. For the
surfaces terminated both by Sn and O in Figs. 5(f) and 4(k),
each Sn atom on the surface coordinates with five [Fig. 5(f)]
or four [Fig. 4(k)] O atoms and each O atom coordinates
with two Sn atoms. From their TDOS as shown in Fig. 13(b),
it can be seen that there is a separate peak just below the
Fermi level for the case of Sn coordinated with four O [Fig.
4(k)] which are mainly from the contributions of the top
layer and the second layer of O.

7. Weak interactions in the low-index surfaces of SnO

From Figs. 4 and 5 it can be seen that all the low-index
surfaces of SnO contain van der Waals (vdW) interactions.
As demonstrated in Sec. II, including vdW interactions into
DFT-GGA approach can precisely predict the structural and
energetic properties of SnO. Carefully taking the boundary
conditions of each surface as shown in Figs. 4 and 5, the
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vdW energy of each low-index surface can be calculated
readily by following Egs. (1)—(4). For the stoichiometric sur-
faces of SnO, the surface energy also can be calculated by
Eq. (7), where the Egy,, and E,, are obtained now by
GGA+vdW for both the SnO bulk and its low-index sur-
faces. For non stoichiometric surfaces, following Egs. (10b),
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(11b), and (12b) the corresponding surface free energy
¥(p,T) can be calculated by including the vdW interactions
into both the bulk and the surfaces.

The calculated surface energies (Eg,;) of the stoichio-
metric surfaces of SnO are also listed in Table III. The cal-
culated changes of [y(p,T)] for the nonstoichiometric sur-
faces [(110) and (111)] of SnO versus the oxygen chemical
potentials [ uo(p,T)] are plotted in Figs. 14(a) and 14(b).

For SnO, compared to the bulk material, its low-index
surfaces have lower symmetry, and the atoms on the surface
layers are relaxed. Obviously, the calculated vdW energy of
the bulk is lower than those of the low-index surfaces. Table
IIT shows that the calculated surface energy of each SnO
surface using DFT+vdW is higher than those using the DFT-
GGA only approach, which means that all of the low-index
surfaces using DFT+vdW become less stable. However, in
both cases, as demonstrated in Table III, the relative stabili-
ties of the low-index surfaces remain the same. Among them,
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the (111) surface has the highest surface energy while the
(001) surface has the lowest one and is most stable.
Comparing Fig. 14(a) with Fig. 10, one can see that after
applying the vdW correction the surface free energy of the
stoichiometric SnO (110) surface [Fig. 14(a)] moves up
about 0.1 eV while the free energy curve of the O-terminated
nonstoichiometric surface moves down about 0.5 eV, which
means that this O-terminated nonstoichiometric (110) surface
could be more stable than the corresponding stoichiometric
one, shown in Fig. 4(h), when the wo(p,T) is greater than
—1.5 eV as shown in Fig. 14(a). However, in the case of
excluding the vdW correction, this O-terminated nonsto-
ichiometric surface can be more stable than the stoichio-
metric one (Fig. 10) only when the uq(p,T) is quite high and
reaches the O-rich bound. In both cases, with and without
vdW corrections, the nonstoichiometric (110) surface with
Sn terminated is unstable within the whole range of the oxy-
gen chemical potentials. By comparing Fig. 14(b) with Fig.
12(a), when the vdW correction is included, the free energy
of the SnO (111) stoichiometric surface increases about
0.3 eV, and all of the nonstoichiometric surfaces are unstable
within the whole range of w(p,T) as shown in Fig. 14(b). It
also can be seen that in the case of excluding the vdW cor-
rection as shown in Fig. 12(a), when the [uo(p,T)] higher
region up to the O-rich bound, the calculated y(p,T) of the
O-terminated nonstoichiometric (111) surface of SnO could
be lower than that of the corresponding stoichiometric one.

8. Stabilities of the low-index surfaces

Table III summarizes our calculated surface energies of
the symmetrical stoichiometric low-index surfaces of SnO
and SnO, and compares with the available results made by
other researchers. From this table, one can see that each low-
index can form at least one symmetrical stoichiometric sur-
face. The calculated values of Eg, of the SnO, low-index
surfaces are close to other reported results,!*73 and the sta-
bilities of the SnO, low-index surfaces are in the order
(110)>(010)/(100)>(101)/(011) > (001) > (111). Except
for the (111) surface, this order is the same as the one calcu-
lated by Oviedo and Gillan.'* For the SnO, (111) surface,
Mulheran and Harding!? showed its excess energy is the sec-
ond highest one. Our results show that this kind of surface
has highest surface energy compared to other kinds of low-
index surfaces.

For the low-index surfaces of SnO, unfortunately, there
are no other data available to compare with. From this work
either with or without the correction of the vdW interactions,
the most stable surface is the (001) surface with Sn termi-
nated. The stabilities of SnO low-index surfaces are approxi-
mately in the order (001)>(101)/(011)=(010)/(100)
>(110)>(111). The Eg, of the surface (010) or (100) is
close to that of the (101) or (011) surface. Comparing to the
(101) or (011) surface, the (010) O-terminated surface is a
little bit more stable and its Sn-terminated surface is a little
bit more unstable. As discussed above, for the same low-
index surface, different termination causes a surface energy
change and results in changing the order of their stabilities.
From our calculated results, usually, the O-terminated sur-
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face has a lower E, than the corresponding Sn-terminated
surface does. For the same kind of low-index surface, both
the O- and Sn-terminated surfaces are less stable than those
with only O- or Sn-terminated surface. From Table III, it can
be seen that overall the surfaces of SnO, have higher E
than the corresponding surfaces of SnO, which indicates that
on the surface the Sn cannot hold high oxidation state (+4)
and present with a reduced form.

C. Atom displacements during surface relaxation

During the formation of the surfaces, comparing to the
atom positions in the bulk, the atoms on the surface layers
are relaxed to compensate the dangling bonds or van der
Waals interactions on the surface. Since the surface slabs still
have two dimensional (assuming on xy plane) periodic
boundary conditions like in their bulk, the atom positions
shift along this plane should be small which are also proved
from our calculated results. In most cases, the significant
shift is along the z direction which is here assumed perpen-
dicular to the surface plane. Tables IV and V list the surface
atom position shifts compared to their corresponding posi-
tions in the bulk of SnO and SnO,, respectively.

From Table IV it can be seen that on each layer the same
kind of atoms could move to opposite directions (see those
values with*sign) with the same amount of displacements.
However, in the stoichiometric (110) and (111) surfaces
[Figs. 4(h) and 4(j)], for the same group of atoms (in bulk
they are identical by symmetrical operation) they can be re-
laxed not only to different directions but also with the differ-
ent amount of displacements [e.g., Sn in Fig. 4(h) and O in
Fig. 4(j)] which lead to symmetry broken. Table IV shows
that to form the SnO (001) surface there is no displacement
along xy plane and the displacement along z direction is also
very small. Because to form this surface only simply needs
to break the van der Waals weak bonds between the slices,
both of the top Sn and the underneath O and Sn layers move
up toward vacuum with a displacement less than 0.1 A. As
described in previous sections, this surface is the most stable
one with small displacements. To form the (010) or (100)
low-index surface, the O in the top Sn-O layer has a signifi-
cant displacement of 0.14 A along y direction whereas the
Sn atom moves down along —z with 0.08 A. The atoms in
the second and the third layers also have small movements
into the slab (such as the second layer of O and the third
layer of Sn) or up to the surface (such as the second layer of
Sn and the third layer of O). Table IV shows that the atom
displacements are different during formation of the (101) or
(011) surfaces with different terminations: atoms in the
O-terminated surface [Fig. 4(e)] have less displacement
along xy plane than that in the Sn-terminated surface [Fig.
4(f)] has, and their displacements along —z direction are less
than 0.1 A. In the case of the (110) surfaces, the Sn in the
second layer of the O-terminated surface [Fig. 5(a)] has
+0.2 A displacement as shown in Table IV and the atoms in
the Sn-terminated nonstoichiometric surface [Fig. 5(b)] have
small displacements along y and z, but the Sn in the first
layer has =0.1 A displacement along x. From Table IV one
can see that the atom displacements in the stoichiometric
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TABLE IV. The atom displacements of the top three surface layers during formation of SnO surfaces (unit: A). (Since the surfaces are
symmetric, here we only show the upper part of the slab. For the corresponding atom in the other part, the displacement is the same, but the
sign is its counterpart due to the symmetry. For z value, the negative sign means to move up toward vacuum, positive sign means to move

into the surface slab.)

Surface Structure First layer Second layer Third layer
(001) Fig. 4(a) Sn(0.0,0.0,-0.062) 0(0.0,0.0,-0.053) Sn(0.0,0.0,-0.013)
(010)/(100) Fig. 4(c) 0(0.0,-0.136,0.039) 0(0.0,-0.084,0.003) 0(0.0,-0.016,-0.023)
Sn(0.0,-0.046,0.078) Sn(0.0,-0.085,-0.099) Sn(0.0,-0.027,0.026)
(101)/(011) Fig. 4(e) 0(0.0,-0.034,0.096) Sn(0.0,0.070,0.073) 0(0.0,-0.015,0.064)
Fig. 4(f) Sb(0.0,-0.114,0.064) 0(0.0,-0.011,0.01) 0(0.0,0.043,-0.062)
(110) Fig. 4(h) Sn(0.449,0.0,-0.435) 0(0.377, =0.044,-0.077)* Sn(0.220,0.0,0.160)
Sn(0.080,0.0,-0.095)
Fig. 5(a) 0(0.0,0.0,0.056) Sn(*0.231,0.0,-0.209)* 0(0.0,0.0,0.031)
Fig. 5(b) Sn(*0.103,0.0,-0.036)* 0(0.0,0.0,0.023) Sn(*0.027,0.0,0.004)*
(111) Fig. 4(j) Sn(0.021,0.049,-0.396) 0(0.051,0.217,-0.193) Sn(0.092,0.212,-0.037)
0(0.137,0.217,-0.193)
Fig. 5(c) 0(0.439,1.034,-0.304) Sn(0.110,0.253,0.074) Sn(0.192,0.442,-0.889)
Fig. 5(d) Sn(0.282,0.652,0.249) Sn(0.231,0.532,-0.621) 0(0.023,0.035,0.0)

2+ means that half of the atoms of that layer move in opposite direction related to the other half.

SnO (110) surface [Fig. 4(j)] are larger than those in nonsto-
ichiometric ones. Because this surface was obtained by
cleaving half Sn of the top surface layer as shown in Fig.
5(b), to make up this extra cleavage, larger atom relaxations
are expected. The behavior of the nonstoichiometric (111)
surfaces of SnO formation [Figs. 5(c) and 5(d)] is quite dif-
ferent from its other low-index surfaces as shown in Table IV
in which larger atom displacements on both xy plane and

along z direction are found. Overall, the atom displacement
is decreased from top layer atom to the inner layer ones
because the inner layers are close to the bulk behavior.

In order to explore the possibility of reconstruction on the
pure surfaces of SnO, the supersurface cells for these stoi-
chiometric low-index surfaces are expanded to (2 X2). The
same relaxation calculations have been performed on these
2 X 2 supercells as the same as we did for (1 X 1) supersur-

TABLE V. The atom displacements of the top three surface layers during formation of SnO, surfaces (Unit: A). (Since we have
symmetric surface, here we only show the upper part of the slab. For the corresponding atom in the other part, the displacement is the same,
but the sign is its counterpart due to the symmetry. For z value, the negative sign means move up toward the vacuum, positive sign means

move into the surface slab.)

Surface Structure First layer Second layer Third layer
(001) Fig. 4(b) 0(0.088,0.088,-0.1367) 0(0.029,-0.029,0.063) 0(0.001,0.001,-0.049)
Sn(0.0,0.0,0.193) Sn(0.0,0.0,-0.145) Sn(0.0,0.0,0.062)
(010)/(100) Fig. 4(d) 0(0.267,0.0,-0.171) Sn(-0.066,0.0,-0.039) 0(0.133,0.0,-0.113)
(101)/(011) Fig. 4(g) 0(0.021,0.050,-0.053) Sn(0.054,0.200,0.030) 0(0.011,-0.020,-0.091)
(110) Fig. 4(i) 0(0.0,0.0,-0.049) 0(0.0,-0.056,-0.175) 0(0.0,0.0,-0.031)
Sn(0.0,0.0,-0.180)
(111) Fig. 4(k) 0(-0.325,-0.100,-0.295)* 0(-0.299,-0.299,0.138) Sn(0.122,0.122,-0.088)
Sn(-0.392,-0.392,0.042)
Fig. 4(1) 0O(-1.713,-1.713,-0.700) Sn(0.074,0.074,0.027) 0(-0.026,-0.026,—-0.087)
Fig. 5(e) Sn(0.070,0.070,-0.055) 0(-0.031,-0.031,-0.128) 0(-0.028,0.002,-0.107)*
Sn(0.088,0.088,0.213)
Fig. 5(f) 0(-0.054,-0.054,-0.083) 0(-0.321,-0.082,-0.148)* 0(0.062,0.062,-0.030)

Sn(0.059,0.059,0.200)

n those layers there is another type of O atom which is displaced by O(y,x,z) where the x, y, and z values are those indicated in the table
as (x',y’,z') with x'=y, y'=x, and 7' =z.
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face cells. The calculated surface energies (E,) are 0.0816,
0.390, 0.408, 0.360, 0.484, and 0.539 J/m? for (001),
(010)/(100), (101)/(011)_Sn, (101)/(011)_O, (110), and
(111) surfaces of SnO respectively. Comparing these values
with those listed in Table III for (1 X 1) supercells, the dif-
ferences are very small: the (001), (010)/(100), and (101)
with Sn-terminated surfaces have the differences less than
1.0%, the (110) surface has a largest error with 3.8%. By
checking the atomic displacements in these large supercells,
the directions of relaxations are very similar to those listed in
Table IV. Moreover, there are some differences in the
amount of displacements of each atom group compared to
the numbers listed in Table IV, but these differences are rela-
tively small. These results indicate that there are no obvious
reconstructions on these nondefective pure low-index sur-
faces of SnO.

From Table V, it can be seen that the most stable (110)
surface of SnO, has smaller atom displacements compared to
its other surfaces. Interestingly, most of the atoms on the first
layer move up toward the vacuum. To form the (001) sur-
face, the O atoms in the top layer move up to the vacuum
while the Sn atoms move into the slab. The atoms in the third
layer have the similar behavior with small displacements
while the atoms in the second layer have opposite displace-
ments. Table V shows that the formation of the (101) or
(011) surface of SnO, is quite similar to the formation of the
(010) or (100) surface of SnO,. The only difference between
them is that instead of moving into slab, the second layer of
Sn atoms in the (100) surface move up to the surface by less
than 0.1 A. Similar to its (001) surface, the atom displace-
ments along xy plane in the (110) surface are quite small, and
all atoms move up toward the vacuum which are similar to
other reported results.®%!472 Similar to SnO, the formation
of the SnO, (111) surfaces is quite different from their other
surfaces. They have large atom displacements not only along
the z direction but also along xy plane. The O atom in the
O-terminated (111) surface as shown in Fig. 4(1) has a largest
displacement of 1.7 A along the xy plane and 0.7 A along z
direction, which indicate that this kind of surface has a sig-
nificant reconstruction during formation. In this case the top
O with unsaturated bonding shown in Fig. 4(1) tends to bond
with the closest Sn in the second layer to form a recon-
structed surface. Such kind of surface relaxation and recon-
struction also was investigated and observed in (110) surface
at high annealing temperatures by Batzill et al.® Compared to
other (111) surfaces, the (111) surface with Sn terminated as
shown in Fig. 5(e) has smaller atom displacements, which
means this surface could be stable. The calculated relation-
ship between y(p,T) and uo(p,T) for the (111) surfaces of
SnO, as shown in Fig. 12(b) does show that this surface
could be stable when ug(p,T) close to the O-poor region.

IV. SUMMARY AND CONCLUSIONS

The structural and electronic properties of the bulk and
low-index surfaces of SnO and SnO, have been investigated
by density functional approach within the GGA with PAW
pseudopotentials. An empirical method has been adopted in
this study to account for the vdW interactions among the
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Sn-O layers in the bulk and low-index surfaces of SnO. Our
results show that compared with SnO,, the structural and
electronic properties for SnO bulk and low-index surfaces
present some unique features.

Due to the dual valency of Sn, the bulk behaviors of the
SnO and SnO, are quite different. The calculated band gap of
Sn0O, is direct with value of 0.69 eV while in SnO is an
indirect one with value of 0.32 eV. In both cases, due to the
DFT approximation, the calculated values are much lower
than the experimental measurements although our calculated
band gaps are in good agreement with other theoretical re-
ported results. In both SnO and SnO,, the second valence
band with lower energy is dominated by O s orbital. The first
valence band and the conduction band are formed by the O p
orbitals with s, p, and d orbitals of Sn. The electronic density
of states reveals that for SnO, below the Fermi level in the
first valence band the s orbital of Sn has a larger contribution
than its p and d orbitals have, and above the Fermi level in
the conduction band the p orbitals of Sn have larger contri-
bution than its s and d orbitals have. The d orbital of Sn does
not contribute much in the valence band and the lower part
of its conduction band. However in the SnO, bulk, in the
upper part of the first valence band the p and d orbitals of Sn
play an important role and its s orbital dominates to form the
lower part of the first valence band. In the lower part of the
conduction band, the s orbital of Sn has a bigger contribution
than its p and d orbitals have. The upper part of the conduc-
tion band is mainly dominated by p and d orbitals of Sn. In
both SnO and SnO,, the s orbital of O has lower energy and
contributes to the second valence band with lower energy.
The p orbital of O is involved in bonding in the first valence
band and the conduction band. By calculating the total bind-
ing energy versus the volume change and fitted to the Birch-
Murnaghan equation of state, the calculated bulk modulus
and cohesive energy are close to the experimental measure-
ments and other calculated results.

By constructing all possible low-index symmetric sur-
faces of SnO and the (111) surface of SnO,, our results re-
veal that the surface energies of the SnO low-index surfaces
are lower than the corresponding surfaces of SnO, due to
different bonding between Sn and O in these two oxides, and
in the SnO low-index surfaces there are van der Waals weak
interactions to binding SnO slices together whereas in the
case of SnO, the interactions are strong chemical bonding.
For the same kind of low-index, the O-terminated surface
usually is more stable than the corresponding Sn-terminated
surface, and both of them are more stable than the same
index surfaces with both O and Sn terminated. Among
low-index surfaces of SnO, the (001) surface has a lowest
surface energy, whereas in the case of SnO,, the (110) sur-
face is the most stable one. With both the DFT-GGA and
GGA+vdW approaches, the calculated stabilities of the
low-index stoichiometric symmetrical surfaces of SnO are in
the same order (001)>(101)/(011)=(010)/(100)>(110)
>(111). Moreover, the calculated order of stabilities of
SnO, surfaces is (110)>(010)/(100)>(101)/(011)>(001)
>(111), which are in good agreement with other reported
results. There is no theoretical study for the SnO, (111) sur-
face in the literature. Our results show that the (111) surfaces
of SnO, with different terminations have highest surface en-
ergies and are least stable.
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By calculating the surface free energy [y(p,T)] with the
oxygen chemical potential [ug(p,T)], we can explore the
stabilities of the surfaces under different conditions, such as
mo(p,T), pressure, temperature, etc. Our results indicate that
the y(p,T) can be changed by varying uo(p,T) and under
some conditions the unstable surface (especially for the non-
stoichiometric) can become more stable than the correspond-
ing stoichiometric ones (as shown in Figs. 10 and 12). The
O-terminated nonstoichiometric (110) and (111) surfaces of
SnO and the (111) surface of SnO, could be more stable than
their corresponding stoichiometric ones under O-rich condi-
tion with higher un(p,T). When considering vdW interac-
tions, the O-terminated nonstoichiometric (110) surface of
SnO could become more stable than its corresponding stoi-
chiometric one under moderate conditions of wo(p,T) as
shown in Fig. 14(a). Interestingly, the Sn-terminated (111)
nonstoichiometric surface of SnO, could be stable when
mo(p,T) is low in the O-poor region. Our results show that
the Sn-terminated (110) and (111) nonstoichiometric surfaces
of SnO are always unstable when uo(p,7) is increased from
O-poor to O-rich bound.

By combining vdW interactions with DFT-GGA, as
shown in Table II, the calculated structure parameters and
bulk modulus of bulk SnO are closer to the experimental
measurements. The calculated surface energies of the low-
index surfaces of SnO are larger than those without applying
the vdW correction as listed in Table III. These results show
that the DFT-GGA scheme does not fully handle the interac-
tions between the SnO layers among the bulk and low-index
surfaces of SnO because these interactions are dominated by
van der Waals forces which are not described well in the
current DFT-GGA scheme. Therefore, the vdW correction is
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needed to deal with SnO and its low-index surfaces. Interest-
ingly, although in both cases (with or without vdW correc-
tion), the values of the calculated surface energy for each
surface are different as demonstrated in Table III, the relative
stabilities of these low-index surfaces remain the same. Since
there are no experimental or other theoretical values avail-
able to compare with, our results shown in Table III could be
the best estimations of the real surface energies of the SnO
low-index surfaces.

Our results indicate that the differences between SnO,
and SnO are significant and the convertible transition of
Sn**«»Sn** may have a great application. Our calculation
results show that the SnO, is the most stable form of the tin
oxides and the SnO is favorable to convert to SnO, when O,
is presented. The SnO, could be decomposed to SnO and O,
only at very high temperature and very low O, pressure.
Compared to SnO,, the electronic properties of the SnO low-
index surfaces have some unique features and the van der
Waals interactions in the surfaces of SnO may lead to more
active sites for interacting with other molecules. These spe-
cial features of tin oxides could be used to develop high-
temperature sensor-related applications.
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