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Abstract

Features of SnO2(110) surfaces with a surplus electron are considered computationally by applying density func-

tional method. The additional charge is found to influence on surface energetics and surface relaxations considerably

with respect to the corresponding surfaces without additional charge. This effect is pronounced in the cases of oxidized

surfaces, where different oxygen adsorbates (O, O2 and O3) tend to capture the charge. On stoichiometric surface, these

oxygen species are adsorbed on-top of the five-fold coordinated surface tin atoms and are attributed to adsorbed O�,

O�
2 and O�

3 species associated with spin polarization. Based on evaluated total energy differences formation of these

species are compared. In cases of stoichiometric and slightly oxygen deficient surfaces without adsorbates, charge accu-

mulation is qualitatively similar to the case of bulk SnO2 with a considerable amount of the surplus charge enriched

around Sn atoms. A pronounced charge accumulation is observed around under-coordinated surface tin atoms of stoi-

chiometric and oxygen deficient (110) surfaces.

� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Buildup of electron density at metal oxide sur-

faces can occur because of many reasons, includ-
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ing the presence of external potential, defects,

electron excitations and occurrence of various reac-

tions (protonation at surfaces, removal of adsorbed

oxygen, alkali metal deposition, nucleophilic at-

tacks etc.). Information concerning charged metal

oxide systems is important in large number of
cases. However, experimental measurements of

such surfaces do not provide a high level of clarity.

Therefore, an important approach for modeling
ed.
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128 M.A. Mäki-Jaskari et al. / Surface Science 577 (2005) 127–138
of these charged surface systems is to use accurate

density functional methods with periodic boundary

conditions [1].

Tin dioxide is a wide band gap n-type semicon-

ductor and its charge carrier density is increased
by oxygen vacancies and other defects in the crys-

tal structure including tin interstitial atoms [2–5].

Free charge concentration of transparent SnO2

crystals and films can range between 1014–

1021 cm�3 [6,7], showing features of conductor like

surface plasma oscillations at free carrier densities

of the order of 1018 cm�3 (0.16 C/cm3) [7,8]. Asso-

ciated surface charge and electrical conductivity
phenomena are of importance for instance in the

gas sensor and photochemical applications. In

connection with SnO2 gas sensors, a convenient

way to enhance performance and sensitivity is to

use very small grains or very thin films. The asso-

ciated sizes are close to the size-scale that can be

modeled by using density functional methods.

Oxygen atoms in different forms act usually as
electron acceptors. In bulk and at surfaces of

SnO2, like in related metal oxide materials, oxygen

anions (nominally O2�) are saturated and strongly

stabilized by the surrounding Madelung fields.

Oxygen molecules are known to trap additional

charge (forming O�
2 type of ions) becoming iono-

sorbed at the surface at sufficiently low tempera-

tures [9–11]. These species are reported to be
observed on SnO2, as well as on other oxide sur-

faces, also at elevated temperatures [12,13]. Other

adsorbed oxygen species include O� dissociated

onto SnO2 surface as well as O
2�
2 [10,14]. Adsorbed

oxygen species are involved in different (electro-

philic) catalytic oxidation reactions [9,14], like oxi-

dation of CO, hydrocarbons, etc. In case of SnO2

surfaces, mono-oxygen species (reacting as O�)
are interesting in providing highly active catalytic

sites [9,12,15,16] and may be largely responsible

for important sensing response of SnO2 gas sen-

sors [17]. Formation of these species on SnO2 sur-

faces at temperature above 400 K is attributed to

decrease of electrical conductivity [18]. Adsorbed

oxygen has an important role in photocatalytic

applications [19], for instance, recombination of
electron–hole pairs near surface may be avoided

by removal of electrons to unstable surface oxygen

species.
For perfect and charge neutral bulk tin dioxide

material, simple ionic model, with strongly local-

ized charges, assumes that as oxygen atoms gain

the closed shell charge (�2 e) and are stabilized

by Madelung energy, additional electrons are
likely to occupy cation sites that have become

empty [20–23]. Type and possible localization of

calculated unoccupied energy levels can provide

important information about appearance of small

amounts of excess charge, especially in the case of

isotropic bulk systems [22,24,28]. These ap-

proaches are related to evaluation of the Fukui

functions
�
oqðrÞ
oN

�
, which can be used to compare

reactive sites of molecular systems [25–27]. On

the other hand, charged surfaces are not straight-

forwardly modeled using bulk or charge neutral

surfaces, since the additional charge can consider-

ably alter surface relaxation and the distribution of

excess charge is nonuniform. This behavior de-

pends on the amount of the added charge and

the presence of oxygen acceptors.
In the present paper we attempt to consider

modeling and characters of different charged tin

oxide surfaces with and without oxygen adsorbates

whose geometries are calculated by using density

functional method. It is important to find out

where and how the charge is accumulated on dif-

ferent surfaces, what kind of oxygen species stabi-

lize and how charge distribution and surface
geometry responds to the presence of additional

charge. To answer these questions, calculations

have been done on average excess electron densi-

ties of the order of 1021 cm�3 at the most abundant

(110) surface face using a slab model up to a effec-

tive film thickness of 2 nm. Deeply reduced (110)

surfaces are not considered, which are expected

to have characters related to SnO crystals [28].
From the point of view of oxygen adsorbates,

(110) orientation is found to be special in provid-

ing adsorption sites for oxygen molecules. The dis-

tance between Sn atoms is minimal at this surface

orientation (3.1 Å), being larger than the bond

length of oxygen molecule (1.2 Å). Therefore,

two surface Sn cations of the (110) surface can

participate in binding of oxygen molecule.
The paper is organized as follows. The calcula-

tion method applied is described in Section 2.

Then, in Section 3, the distribution of extra charge
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in bulk SnO2 crystal is considered. This provides a

basis for consideration of charged stoichiometric

and oxygen deficient SnO2(110) surfaces, which

are discussed in Section 4. The presence of differ-

ent oxygen adsorbates, which can capture charge,
are examined in Section 5. In Section 6 conclusions

are presented.
Fig. 1. Schematic representation of the SnO2(110) surface

including a bridging oxygen vacancy. Bridging oxygen is

indicated by label 1, bridging oxygen vacancy by 2, in-plane

oxygen by three- and five-fold coordinated surface tin (Sn5f) by

label 4. With all bridging oxygen atoms present (removed) the

surface is called stoichiometric (reduced).
2. Method and SnO2 surface slab model

The computational first-principles density func-

tional (DFT) approach applied here is based on
the plane wave basis set and pseudopotential con-

cept to describe electron-ion interaction (CA-

STEP/CETEP code) [29]. Utilizing ultrasoft

pseudopotentials (USP) [30] the plane wave basis

set can be limited considerably [31]. The chosen

plane wave cutoff is 400 eV. Oxygen atoms are de-

scribed by 6 valence electrons and tin atoms by 4

plus the corresponding pseudopotential ion cores.
The electronic interactions are taken into account

with a generalized-gradient approximation allow-

ing possible spin polarization (GGS) [32]. To sam-

ple Brillouin zone, the number of symmetrized

Monkhorst–Pack k-points [33] was scaled so that

it was 6 for the smallest 1 · 1 surface system. In

separate test calculations the number of k-points

were increased to check the convergence. For
charged systems, the negative charge of the unit

cell is balanced by using constant background

charge density. Since such charged model systems

can be expected to have the Fermi energy above

the conduction band minimum (CBM), occupa-

tion numbers were broadened using Gaussian like

smearing with a width of 0.1 eV.

Crystalline tin dioxide is composed of six-fold
coordinated tin atoms (nominally Sn4+) and

three-fold coordinated oxygen atoms. Its (110)

surface with different surface atom types is shown

in Fig. 1. Stoichiometric (110) surface contains all

surface bridging oxygens, and its composition cor-

responds to a bulk SnO2. This surface system is

particularly representative among oxygen deficient

tin oxide surfaces as the four-fold coordinated sur-
face tin ions emerge in lower oxidation state of tin

(Sn2+) [34]. Clearly, many other oxygen deficient

SnO2 surfaces are possible [28] and some of them
are taken into account here. Different tin oxide

bulk and surfaces have been studied by using den-

sity functional methods with good reliability in

predicting geometries, energetics and electronic

structure [28,31]. However, one should be aware

of limitations of DFT and related methods in

description of localization and binding of electrons
[35]. For instance, the evaluated ionization poten-

tials of free Sn ions using GGS, show that valence

Sn-s levels are too weakly bound, obviously due to

incomplete description of electron self-interaction

[35]. In this sense, due to the possibility of delocal-

ization, the calculations provide a stringent test

from the point of view of charge trapping.

The surface of SnO2 is represented by different
three-dimensional periodic slabs, consisting of 3–

11 O(Sn2O2)O layers, with a vacuum �layer� in be-

tween. In all slabs the middle Sn2O2 layer is kept

fixed in bulk geometry while all other atoms relax

in geometry optimization. In most cases one or

two extra electrons (dn = 1 e or dn = 2 e) are added

in charged cases to the unit cell which is neutral-

ized by an equal amount of positive constant back-
ground charge density. Vacuum thickness (Lvac)

exceeding 10 Å have been found to be optimal

[28]. The presence of additional charges in the cell

creates additional electrostatic interactions which

change convergence of total energy with increasing
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vacuum thickness [1]. Therefore, unit cells with

same number of atoms and dimensions were com-

pared, dn were kept low and relatively large unit

cell sizes were chosen. Detailed investigations have

indicated that these choices are essential to make
the influence of associated spurious interactions

insignificant [1,36–38]. To compare with, some re-

sults were obtained by providing the extra charge

from oxygen vacancies (see below).

Different methods are used to analyze proper-

ties of charged systems, giving qualitatively consis-

tent and complementary results. These methods

include; partial density states (PDOS), Mulliken
population analysis and distribution of the

Kohn–Sham orbitals. Mulliken population analy-

sis gives charges of atoms and bond populations

of atom pairs as calculated in terms of density ma-

trix and overlap matrix [39]. These are obtained

from projections of the one-electron eigenfunc-

tions to the atomic orbitals. The spilling parame-

ter, representing completeness of the Mulliken
analysis, is always less than 0.5%. Accumulation

of the additional charge around some particular

site is also checked by subtracting total charge of

the neutral system from the total charge of the cor-

responding charged system at that site. Such

charge difference investigations are made in the

case of the 3 and 5 layer slabs.
3. Extra charge at bulk SnO2

Calculations for charged (dn = 1 e) bulk tin

dioxide were performed with 2 · 1021 cm�3 free

charge density, which is close to the upper limit

of predicted realistic free charge densities. Differ-

ent unit cells up to the maximum size of Sn16O32

were tested. The charge density maps and the band

structure of neutral and charged systems are essen-

tially similar as expected due to relatively small in-

crease of charge per atom (0.02 e/atom). From the

band structure plot it can be noticed that the con-

duction band minimum (CBM) that becomes

occupied is essentially of s-type. In the case of

the charged system, the spherical charge density
around Sn sites increases, which is seen in the total

charge difference plot evaluated by subtracting the

charge density of uncharged system (see Fig. 2
left). Mulliken population analysis indicates that

charge is indeed accumulated more around Sn sites

(0.1 e/Sn) than around O atoms (0.01 e/O increase

of charge). The results are in agreement with other

calculations [24,40], and experimental UPS mea-
surements of doped SnO2 [6,41], having revealed

that CBM is mostly of Sn-5s character.

Intrinsically, oxygen anions have a substantial

part of the valence charge around them (about

7 e according to Mulliken population analysis)

compared to tin cations (about 2 e respectively).

Their positions and charge distribution respond

to the increased charge. Oxygen atoms contribute
also to CBM, that will be occupied by the extra

charge, which is seen in evaluated PDOS and its

orbital charge density [28]. Part of the response

of oxygen atoms is attributed to a small displace-

ment of its charge distribution as the system tends

to expand to compensate increased charge density.

As a consequence, the evaluated charge difference

distribution around O atoms were noticed (Fig. 2
(left)) to be more complicated and it depends on

details of calculation procedures. Due to these rea-

sons, we also estimate how charge distribution is

disturbed in excitation of charge from the valence

band to conduction band (in uncharged system).

This is simulated by broadening the occupation

numbers leading to small transfer of occupation

from valence band maximum to CBM.
Fig. 2 (right) illustrates that in this case the

charge enrichment is similar and again more con-

siderable around Sn atoms. The charge distribu-

tion around O atoms changes slightly. The

associated charge decrease plot (not shown) indi-

cates that the charge increase of Sn atoms origi-

nates from O-p orbitals.
4. Extra charge at SnO2(110)

In cases of stoichiometric and oxygen deficient

(110) surfaces, which will be considered next, the

charge enrichment is qualitatively similar to the

case of bulk tin dioxide. Tin atoms, especially at

the surface, have an ability to accept extra electron
charge.

Stoichiometric surfaces were modeled by using

different slab sizes. The largest of them was



Fig. 2. Charge difference contour plots showing accumulation of different types of extra charge in SnO2 crystal. The (110) plane of

Sn16O32 is viewed with symmetrically equivalent O atoms. (left) A charge distribution without additional charge is subtracted from the

distribution of the charge of the system charged with 1 e. The charge density increases stepwise, with steps of value 0.005 e/Å3, starting

from a density of 0.005 e/Å3. (right) A charge distribution with a modest band broadening is subtracted from a charge distribution of

the system associated with an elevated band broadening (1 eV width). The density steps are 0.0005 e/Å3 and start from a density of

0.00025 e/Å3.
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Sn44O88 with two surface unit cells, a slab thick-

ness of 40 Å and with dn = 4 e, which corresponds

to a uniform charge density of the order of

1021 cm�3 and 0.03 e/atom. The surface layer was

noticed to have an ability to accumulate additional

charge. All surface Sn atoms gain (Mulliken)
charge more than Sn atoms inside the slab. In

more detail, Mulliken population analysis shows

most of the additional charge to be in the vicinity

of coordinatively unsaturated five-fold coordi-

nated surface Sn atoms (Sn5f), and to a slightly

less extent around fully coordinated Sn atoms

bound to the surface bridging oxygen. In case of

the largest slab, both of these two types of Sn
atoms gain charge more than 0.1 e of the total of

4 e. Part of the extra charge accumulation around
Sn5f is observed at the surface side of the Sn5f

atoms. This is clearly seen by subtracting the

charge distribution of the charge neutral

(dn = 0 e) surface slab from the charge distribution

of the charged surface slab (shown in Fig. 3). The

additional charge causes the Sn5f atoms to relax
outwards about 2% (0.04 Å) with respect to near-

est oxygen, and therefore positions of Sn5f sites

of uncharged slab were made to coincide when

charge difference is evaluated (after geometry opti-

mization). Charge accumulation below the surface

remains qualitatively similar to the case of bulk

SnO2. Calculations made with thinner slabs give

similar results, but indicate also that charge accu-
mulation is more pronounced and is dependent

on slab thinness. Among oxygen atoms, largest



Fig. 3. A contour plot of charge accumulation around surface

Sn atoms. (left) Charge difference between charged and neutral

stoichiometric surface slabs at the position of five-fold coordi-

nated surface tin atom; (right) charge difference between

charged and neutral reduced surface slabs at the position of

four-fold coordinated surface tin atom. Charge density

increases stepwise, with steps of value 0.02 e/Å3, starting from

a density of 0.01 e/Å3.

Fig. 4. 3D-total charge distribution isosurface (0.25 e/Å3) of

the stoichiometric surface without one bridging oxygen. Charge

distributions around bridging oxygens are indicated by label 2.

Localized charge distribution associated to the removed bridg-

ing oxygen is seen (label 1). This charge distribution is absent in

the corresponding charge neutral surface.
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but very small increase of the Mulliken charge is

observed at bridging oxygen atoms (0.05 e).

At the reduced surface (see Fig. 1) the surface

charge accumulation is more considerable due to

enrichment of the additional charge around the

surface four-fold coordinated surface tin atom (la-
beled as Sn2+ and Sn4f). This is illustrated in the

charge difference plot shown in Fig. 3. In the case

of the largest slab Sn44O84 of thickness of 40 Å

with two surface unit cells and with dn = 4 e, Mul-

liken analysis indicates a considerable increase of

charge around the Sn2+ ion (0.4 e). The charge

accumulation around the associated surface Sn5f

atom is weaker and depends on the slab thickness.
The accumulation of charge at reduced surface be-

comes evident by calculations with a geometry

where both surfaces coexist so that the other side

of the slab surface is stoichiometric and the other

is reduced. Such calculations were made in the case

of Sn10O19 slab of thickness 14 Å (dn = 1 e were

compared to dn = 0 e). The results indicate that

the charge accumulation phenomena remains
essentially similar as described above. The charge

is enriched around surface tin atoms, and the

Sn5f atoms of the reduced surface were noticed

to be capable of increasing its accumulation by

0.2 e. The net accumulation of the added charge
at reduced surface becomes larger because of the

larger number of Sn atoms that can capture the

charge.

Simple heat treatments are expected to produce

different surfaces with bridging oxygen vacancies
(see Fig. 1). Once a single bridging oxygen from

the row of bridging oxygens along [001] is re-

moved, yet another type of local surface environ-

ment with five-fold coordinated surface tin atoms

is formed. To model this kind of surface, a slab

was tripled in the [001] direction (a composition

Sn30O60) and one of the three bridging oxygens

of the both surfaces of the slab were removed. In
the charge density map of Fig. 4 it is illustrated

that charge density of the excess charge dn = 2 e

becomes localized at the site of removed oxygen

and around the associated under-coordinated sur-

face Sn atom. Each of these Sn atoms gain charge

most considerably (0.23 e) and relax outwards

with respect to nearest oxygens.

As discussed above, the charge accumulation at
surface Sn and its outward relaxation occur to-

gether. A simple explanation for this conjunction

is provided by the ionic approximation. The de-

crease of binding energy associated to electrostatic

attraction is lowest in the case of lowest number of

nearest anion neighbors. Consequently, under-
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coordinated cations become occupied and the

attraction between nearest anions decreases caus-

ing the outward relaxation.

It is worth noting that spin polarization was not

observed in any of the above mentioned cases.
This feature is in contrast with SnO2(110) surfaces

with oxygen adsorbates, which will be considered

next.
Fig. 5. Geometries of oxygen adsorbed on stoichiometric

surface, in the case of (a) charged and (b) neutral surface.
5. Oxygen adsorbates on charged SnO2(110)

surface

Different possibilities for appearance of oxygen

species on tin oxide and related metal oxide sur-

faces are possible as shown in several computa-

tional investigations [42–48]. It has been found

that O atoms are meta-stable at stoichiometric

SnO2(110) surface compared to free O2 [47,49].

Surface oxygen vacancies provide active sites

where oxygen gas molecules can stabilize and re-
arrange with decrease of total energy. These results

are in agreement with related experimental studies

which concern mostly TiO2 surfaces [51–53]. Oxy-

gen adsorbates are likely to be ionosorbed at metal

oxide surfaces by charge injection from supporting

surface as they transform to negatively charged

counterparts (O� and O�
2 ). Such species may be

relatively stable [9] and bind to surface by electro-
static interaction and covalent bonding. Different

charged oxygen species can be produced by acti-

vating the surface using ionizing radiation or ther-

mal treatments [9,12], and as a product of chemical

reactions [46,54]. Their identification is possible by

electron paramagnetic resonance measurements

[9].

Fig. 5a illustrates schematically O atom ad-
sorbed on top of Sn5f atom. This geometry has

been considered also in cases of related TiO2 and

RuO2 metal oxide surfaces [42,43,49]. As shown

in Fig. 5b, adsorbed oxygen may alternatively bind

with bridging oxygen atoms. The geometry is

predicted to be energetically preferred in the case

without extra electrons, and it can be attributed

to O2�
2 molecule which is adsorbed at the bridg-

ing oxygen vacancy site [45,47,50]. Importantly,

this energetically preferred adsorption geometry

changes when the additional charge is introduced.
This geometry corresponds to the geometry shown
in Fig. 5a, where oxygen is adsorbed (Oads) on top

of Sn5f. In the case of Sn20O42 with dn = 2 e, the

geometry of Fig. 5a is 2 eV more stable than the

geometry of Fig. 5b.

Charge density increase, around the O atom ad-

sorbed on top of Sn5f, was considered by subtract-

ing the charge density of free oxygen atom from

the total density. Fig. 6 illustrates that the charge
of the adsorbed O atom is substantially increased.

It can also be seen from Fig. 6, that the associated

charge increase is almost similar with the other O

atoms. Quantitatively, the bond population and

bond length of the Oads–Sn bond are within the

limits of the other O–Sn bonds. The Mulliken

charge of Oads increases from 6 e (neutral O atom),

to 6.5 e in the case of dn = 1 e/Oads. The valence



Fig. 6. Charge increase at stoichiometric SnO2(110) surface

including O�
ads. The superposition of atomic charge densities is

subtracted from total charge density. Charge distribution

isosurface with a density of 0.16 e/Å3 is shown. Notice similarity

of the charge accumulation around O�
ads with other O atoms.
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charge of the oxygen atoms inside the slab is about
7.0 e and consequently increase charge 1 e with re-

spect to neutral O atom. That is, the O atom ad-

sorbed on top of Sn5f gains valence charge only

half of the valence charge increase of the bulk O

ions. Since the latter O atoms are commonly desig-

nated as O2� ions, the adsorbed O atom can be

attributed to O� ion and it will be here labeled

as O�
ads. The O�

ads adsorbate can be expected to in-
clude unpaired electron density.

Accordingly, it is associated with a magnetic

moment 1 lB, which becomes also evident from

the evaluated electron spin density difference be-

tween spin-up and spin-down electrons. The

PDOS and corresponding PDOS difference be-

tween spin-up and to spin-down charge density

of O�
ads are illustrated in Fig. 7. A considerable

splitting of spin-up and spin-down levels is ob-

served at all energies. The adsorbed oxygen con-

tributes to DOS slightly below the top of the

valence band, which can be attributed to a stabil-

ization of the adsorbed oxygen including its

trapped charge. However, if the DOS is compared

with the DOS of free oxygen atom, or oxygen ions

of the SnO2 surface (not shown), the O-p density
of states is concentrated more strongly around

both sides of the Fermi level. The peak in PDOS

around �3 eV originates considerably from p-type

orbitals of O�
ads oriented along ½1�10�, which was

observed from evaluated orbital charge distribu-

tion. According to the DOS curves, around

�15 eV the oxygen s-type levels can significantly

overlap with Sn type of levels (not shown).
The DFT calculations predict that the geome-

tries of Fig. 5 can be produced by dissociative

adsorption of O2 at bridging oxygen vacancy site.

In this case, one of the O atoms of O2 occupy a

bridging oxygen vacancy site, and the other is ad-
sorbed as in Fig. 5. It is expected that this reaction

can occur exothermally also in the case of of

charged system. To study this hypothesis, total en-

ergy of a surface system containing an oxygen va-

cancy together with O2 molecule in vacuum, were

compared with a total energy of corresponding

O�
ads on stoichiometric surface (with dn = 1 e). In

the initial geometry, O2 and a five layer slab with
a bridging oxygen vacancy, are in the same unit

cell separated by a vacuum region of thickness

10 Å (the surface to surface distance is 20 Å). As

a result, it is found that there is a considerable en-

ergy release between the initial and final geome-

tries, which exceed 2 eV/O�
ads. The corresponding

energy release in the case of dn = 0 e is less than

2 eV [47]. Thus, it is predicted that the extra charge
can make the dissociative adsorption even more

likely.

Returning to the case of surface with oxygen

vacancies, we may now explore how surface oxy-

gen vacancies alone can provide the extra charge

and enhance binding of Oads. Such surface oxygen

arrangements are also of interest methodologi-

cally, and if certain surface reactions are consid-
ered (though the Oads is likely to occupy the O

vacancy site, as discussed above). These experi-

ments were made with Sn24O48 slab and 1 · 3 sur-

face unit cell (see Fig. 1) with none, one or two

bridging O atoms removed from one surface which

includes Oads. In the case of two bridging O vacan-

cies, the Sn2+ type of surface ion is present. It is

found that with O vacancies, the increase of the
Mulliken charge of the Oads is larger than in the

case of extra charge (dn = 1 e/Oads). The binding

of Oads is assumed to be stronger, than in the case

of dn = 1 e. This is observed from the decrease of

O–Sn bond length, from 2.03 Å to 1.92 Å as well

as from the evaluated binding energies of Oads.

In the case of the unit cell with the extra electron

the corresponding O�
ads–Sn bond length were

2.00 Å. To form the Oads, together with the bridg-

ing O vacancy, 0.1 eV is needed, when evaluated

with respect to half of the energy of free spin



Fig. 7. Partial-density-of-states of the O�
ads ion. (upper) PDOS reslved to O-s and O-p contributions; (below) corresponding difference

between spin-up and spin-down density-of-states. Zero refers to the Fermi energy.
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polarized O2 molecule plus stoichiometric slab. In

the case of the two vacancies, a slight energy re-
lease was evaluated. Without the vacancy, the cor-

responding energy cost is considerable (1.5 eV).

Thus, the presence of oxygen vacancies consider-

ably enhances O�
ads formation, providing the addi-

tional charge. Quantitatively, this effect is noticed

to be different with different oxygen vacancy

arrangements (which will not be considered here

for the sake of brevity). Taking this into account,
we emphasize that the concept of extra charge ap-

plied provides a more independent basis for studies

of charged metal oxide surfaces.

Instead of the formation of individual mono-

oxygen species, it is expected to be energetically
preferred to combine oxygen species as larger

number of bonds are associated. In gaseous state,
species like ozonide, peroxide or hyperoxide ions

can be formed from O� [14]. This can occur by

reactions

(a) O� þO2 ! O�
3 ,

(b) 2O� ! O2�
2 and

(c) 2O� þO2 ! 2O�
2 .

In order to study whether related reactions can

occur, with O� adsorbed on stoichiometric sur-

face, surface geometries for adsorbed O2 and O3

were determined (shown in Fig. 8). These oxygen

species capture charge similarly to O�. In more
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detail, if an electron is added into the cell with one

O2 or O3 adsorbed, both capture a charge of order

0.5 e and become spin polarized with total mag-

netic moment of order 1 lB. Thus, these species

can be attributed to adsorbed O�
2 and O�

3 species.
The charge of the former remains essentially un-

changed even if two electrons (instead of one)

are added into the cell. Thus, contrary to the reac-

tion (b), O2�
2 is not formed. The left side of reac-

tions (a) and (c) were modeled by including O2

molecule in the same unit cell at 10 Å above the

surface layer. In the case of the reaction (c), the

surface unit cell were doubled along ½110� direc-
Fig. 8. Geometries of O2 (upper) and O3 (below) molecules

adsorbed on stoichiometric (110) surface when there is an

additional electron in the unit cell.
tion including two O�
ads species. The first reaction

scheme, producing charged O3, is expected to be

simple and such molecules are reported to be cre-

ated in the case of MgO surface [55]. It is evaluated

to be associated with an energy release of
0:5 eV=O�

ads on the surface. The energy releases

of reactions (b) and (c) on the surface are evalu-

ated to be slightly larger ð0:9 eV=O�
adsÞ. It can be

concluded that these results partly explain the

experimental observation of O�
2 adsorbed on

SnO2 surface, instead of the O�, O2�
2 or O�

3 spe-

cies. Obviously, there has to be a sufficient density

of O�
ads ions to be combined in the reactions. On

the other hand, we would like to emphasize that

there may be also other adsorption geometries

which are relevant depending on the type of

the surface, temperature, pressure and other

conditions.

Considering binding properties of the O�
2 adsor-

bate, it is expected that the associated covalent

bonds between the oxygen and tin atom of the sur-
face are weaker, than in the case of O�

ads. The

length of the O–Sn bond of the adsorbed O�
2 is

2.26 Å and the associated bond population is 0.2.

Respective values for the O�
ads are 2.0 Å and 0.5,

which are in accordance with the stronger covalent

bonding. The bonding between the oxygen atoms

of the O�
2 adsorbate is expected to be weaker than

in the case of a free oxygen molecule. The compar-
ison of these two cases can be readily made by

evaluating elastic constant along the associated

double bond. This offers also a possibility to esti-

mate the difference of the associated vibration fre-

quencies. These calculations were made with a slab

of composition Sn32O66, when the O–O bond is

elongated and contracted by 0.06 Å from the equi-

librium case. Corresponding calculations were
made also in the case of O2 molecule. It was found

that the spring constant becomes decreased by a

factor of 0.5 in the case of the O�
2 . This amounts

to a down scaling of the vibration frequency by a

factor of 0.71. Assuming that the vibration fre-

quency of the free O2 molecule is 1580 cm�1, the

vibration frequency is estimated to become of

order 1120 cm�1 in the case of adsorbed O�
2 . This

is in a good agreement with experimentally mea-

sured vibration frequencies of O�
2 adsorbed on

SnO2 surface (1045 cm�1 and 1190 cm�1) [56].
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6. Conclusions

Different charged tin dioxide (110) surfaces and

charged SnO2 crystal were investigated computa-

tionally using first principles density functional
method. The additional electron density was of

the order of 1021–1022 cm�3. This system corre-

sponds to a model system for doped n-type SnO2

film predicting a connection between the presence

of excess charge and surface chemistry, having

an influence to important adsorption and catalytic

reactions at surface.

In the case of SnO2 crystal, increased spherical
distribution of the charge density around tin cations

is observed, while the charge distribution of O an-

ions responds by a small reshuffling. In the cases

of stoichiometric and oxygen deficient surfaces con-

sidered, charge enrichment due to the excess charge

is observed around under-coordinated surface tin

atoms associated with outward relaxation. Spin

polarization was not found to be present in these
cases. Different charge accumulations are observed

around, and at the surface site of; five-fold coordi-

nated surface Sn, four-fold coordinated surface Sn

atom and around a single bridging oxygen vacancy.

The four-fold coordinated surface Sn atom has

stronger charge trapping character than five-fold

coordinated Sn atom. The charge trapping at the

latter decrease when slab thickness is enlarged.
Importantly, tin dioxide can share the excess

charge with adsorbed oxygen species. In the case

of mono-oxygen adsorbates, the preferred adsorp-

tion geometry changes when the additional surface

charge density is introduced. In this geometry,

oxygen is adsorbed on top of Sn5f surface atom.

The electronic structure of this atom is studied

and it is indicated to have characteristics of O�

adsorbate. The associated charge considerably en-

hance formation of O�
ads on stoichiometric surface,

with respect to free O2 molecule. Based on the

evaluated total energy differences, it is predicted

that formation of the O�
ads is exothermal if formed

by dissociative adsorption substituting bridging

oxygen vacancy site. With respect to formation

of O�
ads, it is evaluated to be energetically preferred

to form O�
2 and O�

3 adsorbates at low temperature

conditions. The adsorbed O�, O�
2 and O�

3 species

considered are associated with spin polarization.
The binding properties of adsorbed O� and O�
2

were considered. It is also indicated that the extra

charge can be provided by bridging oxygen vacan-

cies, differently, depending on the vacancy

arrangement.
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[28] M.A. Mäki-Jaskari, T.T. Rantala, Phys. Rev. B 65 (2002)

245428.

[29] V. Milman, B. Winkler, J.A. White, C.J. Pickard, M.C.

Payne, E.V. Akhmatskaya, R.H. Nobes, Int. J. Quant.

Chem. 77 (2000) 895.

[30] D. Vanderbilt, Phys. Rev. B 41 (1990) 7892.
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