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Theoretical study of oxygen-deficient Sn@(110) surfaces
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Theoretical consideration of recently proposed ordered stoichiometric and oxygen-defit@surfaces of
SnG, crystal with X1, 1X2, 2X 1, and X4 symmetries have been done. We use a first-principles density-
functional method and plane-wave basis, combined with pseudopotentials to calculate surface electronic struc-
tures, surface geometries, and energetics. Calculated surface formation energies suggest that stability of the
oxygen-deficient surfaces decrease with increasing oxygen deficiency. At oxygen-defigignarid 1x 4
surfaces tin atoms similar to those in SnO crystal were found to appear. In all cases, the highest occupied
orbitals were considerably localized at the sites of surface oxygen vacancies.XtThe@ded row surface
structures were found to be relatively stable and associated with the decrease of the band gap due to jagged
surface. Also, ultraviolet optical absorption coefficients for different surface structures were determined by
using the electric dipole approximation with a scissor correction.
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. INTRODUCTION catalyzing dissociation of watéf.
The (110 surface of tin oxide is the most common of the
Recently, progress in the study of ordered metal oxiddaces of rutile structure tin oxideHowever, there is also

surfaces including SnOsurfaces have been reported in interest in other ordered tin dioxide surfaces associated, for
literature! ™ To ascertain the results, theoretical consider-instance, with tin oxide wirés and on anatase structures of
ations are needed, offering also an opportunity to connedin oxide® In these cases, the proposed results for oxygen-
theoretical studies to other metal oxide surface systems witHeficient(110) surfaces can be qualitatively adapted.
related structures. Among metal oxide compounds with rutile Earlier, we studied the reduced and stoichiomettitO)
structure, tin oxide as not being a transition metal is particusurfaces of Sn® (Ref. 9 focusing mainly on the surface
larly suitable from a theoretical point of vieWlts various geometry, charge distribution, band structure, and optical

surface structures are, however, not well kndwn. properties. These properties that are here further considered,
In theoretical studies of the electronic structure ofentail connections to electronic spectroscopies.
oxygen-rich ¢=2) and oxygen-deficientx 2) tin dioxide The paper is organized as follows. In Sec. Il the calcula-

surfaces;® usually the so-called stoichiometrix£2) and  tion method and its applicability is described following with
reduced surfaces are considefstown in Fig. ). To sim-  consideration of surface energetics and geometries in Sec.
plify, most significant features are associated with oxygenslll. In Sec. IV discussion of surface electronic structure to-
which acting as & ions, have occupiep related states near gether with a brief discussion of optical absorption is pre-
the top of the valence band. In the case of stoichiometrisented. Finally, in Sec. V conclusions are drawn from the
surface p states of surface oxygens largely contribute to theresults.
valence-band maximum. Tin atoms can alter their ionic role

from Srf* to Sr¥* at oxygen-deficient surfacez<€2) caus-

ing a type of occupied “dangling bonds.”

Here we will consider examples, motivated by recent re- The computational first-principles density-functional ap-
sults of semiconductor research of other $rsQrfaces with  proach applied here is based on the plane-wave basis set and
surface stoichiometryx<2. In case of these “oxygen- pseudopotential concept to describe electron-ion interaction
deficient” (110) surfaces, recent atomic resolution micros- (cAsTEFCETEPcoda,’ briefly discussed also in Ref. 9. Uti-
copy measurements show that the surface can be composkzing ultrasoft pseudopotentidfs(USP the plane-wave ba-
of domains with X1, 1X2, 2X1, and IXx4 symmetries.  sis set can be limited considerably still with good accuracy in

In experimental arrangements these surfaces have typbulk and surface geometrid€xygen atoms are described
cally been produced by applying thermal annealing inby six valence electrons and tin atoms by four plus the cor-
vacuum after sputtering treatmeRts;* though other tech- responding pseudopotential ion cores. As will be indicated
niques exist?*® In service at normal conditions, formation separately, a few calculations were reproduced by using a
of oxygen-deficient metal oxide surfaces can also be assocmore accurate nonoptimized norm-conserving pseudopoten-
ated with oxidation reactions at the surface and diffusion ofials (PSP.'° This pseudopotential includes in addition to the
oxygen vacancies or tin atoms to the surface. Of particulafour valence electrons of Sn, the 18 electrons ofithehell.
importance has been the catalytic oxidation of carbon mon- The electronic interactions were in all cases taken into
oxide to carbon dioxide and oxidation of methane at tin ox-account with generalized-gradient approximati@GA).?°
ide surface. Based on applied surface preparation and me&tound state of the electronic systems were obtained by den-
surement techniques, surface oxygen deficiency associateddity mixing scheme, in which the sum of electronic eigenval-
in-plane oxygen vacancies is assumed to be important ines is minimized. In the case of oxygen molecules, spin po-

II. METHOD
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(110)

FIG. 1. Relaxed Sn9(110 surface geometries corresponding
to bridging vacancy modeétop) and x4 (middle) and 1xX 2 (be-
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larization was taken into account. As expected for
nontransition metal oxides, spin polarization was not found
to decrease total energies in other cdses sample Brillouin
zone, the number of symmetrized Monkhorst-Plgoints

was 6 for the smallest systems. The plane-wave cutoff was
400 eV.

With USP, total energiegswhich are here identified to
chemical potentiajswere —977.15 eV for a bulk SnQunit,
—97.9 eV for an atom of bulk white tin ane873.0 eV for
O, molecule. The heat of formation of bulk SpQutile
structure crystal was slightly overestimated to be 6.2 eV, in
comparison with the experimental value of 6.02 @¥ 298
K).2? For bulk SnO litharge structure crystal, the heat of
formation 3.1 eV is obtained in comparison with experimen-
tal value of 3.0 e\?? All calculations were performed for
charge neutral systems at zero temperature and pressure con-
ditions.

To investigate electronic structures, total density of states
(DOYS) were evaluated together with partial charge contribu-
tions to the DOS. This provides an idea of structurally de-
rived differencies in chemical and optical properties. Mul-
liken population analysis was also performed, in which
Mulliken charges of atoms and bond populations of pairs are
calculated in terms of density matrix and overlap matfix.
These are obtained from projections of the one-electron
eigenfunctions to the atomic orbitals.

For oxygen-deficient structures ultraviolet optical dielec-
tric function calculations with light normal to surface were
performed similarly as in Ref. 9. Calculations of dipole tran-
sition matrix elements were carried out in the reciprocal
space with a correction term due to the nonlocality of the
pseudopotentiaf included. The use of the local density and
GGA approximations are known to underestimate excited-
state energies. This is corrected by using the scissor opera-
tion that shifts rigidly the unoccupied energy levels by 2.25
eV to reinstate experimentally known direct bulk band gap
(Ey) of Sn0,.° Here the the band gap was chosen toye
=3.6 eV? Some doubts about the applicability of ultrasoft
pseudopotential approximation in these circumstances exist,
due to use of pseudizated wave function for valence
electrons® However, our comparison indicates relatively
small correction with respect to PSP at low transition ener-
gies that are of interest hefte.

Ill. ENERGIES AND GEOMETRIES OF (110 SURFACES

Three Sn@ (110 surfaces containing oxygen vacancies
are illustrated in Fig. 1, ordered with increasing oxygen de-
ficiency in going downwards. A well-known bridging oxygen
vacancy surfacéshown in Fig. 1 is expected to form from
reduced or oxidized surface most easily. In connection with
the surfaces annealed at elevated temperatures, the reduced

low) surface vacancy models. Bridging oxygen is indicated by labefurface with <1 surface symmetry is expected to be
1, bridging oxygen vacancy by 2, in-plane oxygen by threefold andormed at the temperature of the order of 700 K in vacuum
fivefold coordinated surface tin by label 4. With all bridging oxygen &nnealing conditions from the stoichiometric surface with
atoms present the surface is called stoichiometric. If all bridgingl X 1 surface symmetr§/. At higher temperature conditions,
oxygens are removed, the so-called reduced surface is formed. TH&o models of X2 and 2<1 symmetry®*"?® have been

illustrated surface unit cell of theXd2 surface is doubled along the
(001 direction.

proposedalso known as zigzag row and cross linked added
row modelg. Corresponding geometries are illustrated in
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E are the total energies of the surface slabs, hawiogy-

gen pairs removed from the corresponding stoichiometric
slab that has a total energy &f;,. For the 2<1 surface
model, calculation ok, is not feasible since also tin atoms
are removed. The small differences between surface vacancy
formation energies suggests that different oxygen-deficient
surface reconstructions may easily coexist, unless surface is
not uniformly conditioned at microscopic scale. Significantly
larger vacancy formation energies were calculated in other
cases where oxygen atoms were removed below or from the
surface of a slab containing also bridging oxygens. These
less oxygen-deficient surfaces have recently been investi-
gated by using density-functional methbdnd will be con-
sidered here only to compare with. Thus, it can be expected
that surface geometries of Fig(dr their local structuresare
relevant, although the present study cannot rule out the exis-
tence of other more stable geometries at certain oxygen de-
ficiency. Other possibilities for surfaces with low vacancy
formation energies that may need to be mentioned can be
associated with parallel rows of surface in-plane oxygen va-
cancies along001] direction. In these surfaces one in-plane
oxygen is removed from stoichiometric or alternatively from
reduced X1 surface. For the case in which in-plane oxygen
is removed from stoichiometric surface, vacancy formation
energy of 3.0 eV was obtained. Formation of this surface
model can compete with formation of reduced surface, which
have same surface compositibrin the second case, in
which one in-plane oxygen was removed from reduced sur-
face, lowest vacancy formation energy of 2.5 eV was calcu-
lated. Therefore this model may provide an alternative for
FIG. 2. Relaxed Sn©surface geometries of’21 surface struc-  the most oxygen-deficientX2 surface.

tures, corresponding to oxygen-deficieftop) and stoichiometric  To examine in more general terms surface energetics, also
(below) surfaces. The_lllustrated surface unit cells are quadruplia comparison between total energies of surface models and
cated along001) direction. corresponding bulk and gas phase systems was performed.

' o This study is related to those presented in refereticé¥or
Fig. 1 (below) and in Fig. 2(above. At elevated temperature thermodynamics of GaAs and TjGurfaces. Surface energy
conditions the formation of 2 1 structure can be associated E, of a slab with total energ¥, and surface areA is Eg
with the formation of special step edg@Also, in the case =(Eg— Nssni— Nomo)/2A, whereNg and Ng,, are num-
of TiO, surfaces with the presence of excess oxygen, growthers of oxygen and tin atoms in the slab. The sum of chemi-
of surfaces related to this model can be favordBlemodel  ¢g potentials of tinus, and oxygenuo atoms, usn
for lower temperature anneale(f00-1000 K oxygen- 12, is equal to the chemical potentigls,q oOf bulk
deficient surface with ¥4 symmetry®is illustrated in Fig.  sn0,, due to the presence of bulk phase. The valuea f
1 (middle). and uq are yet unknown. Then, surface energy becomes

As idealized models to study these surfaces, correspond=[E_—Ng,usn+ (2Nsy— No) uol/2A, where the last

ing periodic SBeOes, SngOs2, and SReOsp slabs with sym- term is chemical potential of removed oxygens. The chemi-
metry 1x4, 1X2 and 2<1 were constructed. For the re- cal potential for oxygen is approximated by using half of the
duced I<1 surface the slab composition was;&s. TO  chemical potential of the free oxygen molecule. Almost in-

compare the surfaces with a bridging oxygen vacancy suidependently of the applied chemical potential the ordering of
face, also two slabs with compositions;§ds4 and SpOzs  the surface energies is

were constructed. With one bridging oxygen removed from

both sides of the stoichiometric slabs, t_hese surfaces corre- Estoicr< Earvac< E2x 1< Eredu< E1x4<E1x2,

spond to X 3 and 1X 4 surface symmetries. For all systems

geometry optimization was performed with the atomic planencreasing from 1.3 J/fof stoichiometric model to 5.9 J/m

at the center remaining fixed to correspond bulk geontetry.of 1x 2 surface modelshown in Fig. 3. The surface energy
The slabs were made mirror symmetric algtig0] direction  increases with increasing surface oxygen deficiency, which is

and the vacuum thickness was about 10 A. obvious also from the minor differencies of the vacancy for-
Energies with modest differencies around 3.0 eV weremation energies.
calculated for vacancy formation energies, which were The above assumptions about surface energetics for dif-

evaluated fronE, = 3 (Eq+ NEo,—Esio)/n. In this equation  fering surfaces requires further consideration in few respects.
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6 - - - - - The relaxations of the surface atoms of the different sur-
face models were quite similar. All surface oxygens relax
%2 outwards(along[110]) with respect to their surrounding sur-
5r \\\ ] face tin atoms, except in the case of the reduced surface. In
AR this case, the outward relaxation of the fourfold coordinated
NA 1% N surface tin atom (Si) is slightly more pronounced. All
E 47 \\\ 1 threefold coordinated surface tin atoms relax about 0.15 A
= reduc. S~ toward the nearest oxygen vacancy. The differencies of sur-
w” Tl face relaxations in comparison to stoichiometric surface are
SE-____ N 1 largest in the case of thexI2 surface. Its surface in-plane
27T T R oxygens are displaced 0.25 A toward nearest three-fold co-
o NN ordinated surface tin atoms, and outw&atbng[110]) simi-
2r  stoichaxt T ] larly with stoichiometric surface. The threefold coordinated
br.vac. 1x4 s surface tin atoms relax also inward 0.15 A with respect to tin
1—sf0|ch. atoms at the corner of the surface unit cell. In the case of 1
0 0.5

> 25 3 X4 surface, three-fold coordinated tins with their nearest
) in-plane oxygens are displaced about 0.15 A toward the sur-
face vacancy, which are the most prominent displacements of

FIG. 3. Surface energids; for the surface structures as a func- thjs surface with respect to the stoichiometric surface.
tion of chemical potential of oxygen atop, (see text The sum

Msnt2u0 is equal to chemical potential of bulk Sp@nd at the
left side uo equals potential of oxygen atom in free oxygen mol- IV. SURFACE ELECTRONIC STRUCTURE
eculeup(gas). The Stoich. X1 and 2<1 surfaces correspond to
the surfaces illustrated of Fig. 2 below and above, respectively.

1 15
u {gas) -u, (eVv

The electronic structures of the different surfaces seems to
share many common features. The valence band of, 310
known to be divided into the upper valence band, mainly of
First, at elevated temperatures various temperaturegxygenp type and to lower oxygestype band: The oxygen
dependent contributions are expected to be largely cancelgsltype states contribute the valence density of state maxima,
whenE, andEs are evaluated. The differencies in the con- as illustrated in Fig. 4. The highest energy level of both type
tribution of configurational part of the entrof}y’® are ex-  of bands consist of occupied surface states whose density
pected to be relatively insignificant in comparison to surfaceoriginates in addition to the surface atoms also slightly from
energy differencies. Second, surface ener@iess a func-  first sublayer oxygens. At the position of the surface oxygens
tion of g are different as illustrated in Fig. 3. The left side surface states are significantly contributed by oxygen “dumb
of the graph corresponds to the above-mentioned limit fobells” pointing out to vacuum. Decrease of the Madelung
o, Where oxygen gas is in equilibrium with bulk and sur- field at surfaces plays an important role in “destabilizing”
face. At the right-side limit, the chemical potential for tin surface 3~ and SH™ ions with respect to corresponding
equals the chemical potential of bulk tin. This limit is unre- bulk onest*° The decrease of the Madelung field is expected
alistic in many known cases, since otherwise, based on theto become more effective as surface oxygen ions are re-
modynamics, bulk Sn phase may separate from bulk,SHO moved. In all of the surface models here considered, lowest
the total energies of the oxygen-deficient surface slabs arenergy conduction-band energy states are also surface states.
compared with independent bulk $or SnQ and bulk SnQ@ Considering surface tin atoms, significantly different con-
crystal phases, it was noticed that the slab systems are leg#butions depending largely on differing coordination and
stable. Therefore, it can be claimed that there can be ajnic charge occurs. With decreasing coordination from five-
oxygen-deficient two-phase bulk system that is more stabléold coordinated Sn surface ions to the threeftdgproxi-
than oxygen-deficient surface. mately sp?) coordinated surface tin atoms ofx# and

One of the most striking result of the above surface en1x2 surfaces, Mulliken valence charges increases from a
ergy comparison is the stability of the surface wittk2  value of about 2.5 to over 3 electrons. Consequently, the
symmetry. It may thus be questioned what is the stability ofthreefold coordinated surface tin atoms have a largep Sn-
this surface when bridging oxygens are included. Such a sugype of contribution. Qualitatively, the increase of charges of
face geometry, which we shall term as stoichiometric12  tin ions can be explained in terms of Pauling’s bond
surface, is illustrated in Fig. 2 below. As shown in Fig. 3 thisstrengti®** and charge compensation of surface ions to
surface has a slightly larger surface energy than the stoichiavoid electrostatic instabilitf? Some changes of surface
metric surface. In addition to the above twi<2 surface bonding are also present. In the case of bridging oxygen
models, for TiQ also an another more complicated geom-atoms, associated Sn-O bond length is contracted 0.07 A
etry, named as JO; added row, has been propod&d®(not  from the corresponding bulk value. This bond has the largest
shown herg For such a surface slab (50,5 a surface bond population and the sixfold coordinated Sn atom has
energy of value 3.0 J/fnwas calculated, which is close to significantly larger Mulliken charge with respect to the tin
that of the 2<1 model. However, in the case of tin oxide, atoms below surface layer. At{4 and 1x2 surfaces, the
this geometry is not identified and thus th&2 geometries threefold coordinated tin ions bind more strongly to the
of Fig. 2 are here considered. nearby surface in-plane oxygen atom according to the bond
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population analysis. More generally, the coordination and lo-
cal geometry of fourfold and, more significantly, threefold
coordinated surface tin atoms have similarity with tin mon-
oxide and with some other 8h) compounds. In these cases,
part of the charge of broken Sn-O bonds of the crystal sys-
tems are in a form of “hats” covering tin atonfalso known
as lone pair hajsand located in the space of removed
bond#3~%° Character of such a charge distribution is associ-
ated with a state density close to the Fermi level with a
considerable Sn+b type of contribution. A closely related
charge distribution is present also in the case of oxygen de-
ficient (110 surfaces that will be illustrated in more detail.
Some chemical differences between surface models are
obvious from the different DOS curves for bulk, stoichio-
metric, reduced and21, 1X4, and X2 models shown in
Fig. 4. Characteristic surface-state features attributed to
bridging oxygen Op dumb bells are indicated by labalin
Fig. 4. The corresponding orbitals in space are shown in Fig.
5. The removal of a bridging oxygen from the row of bridg-
ing oxygens(i.e., bridging oxygen vacancy modeaihanges
DOS by forming a peak above the top of the valence band in
the stoichiometric modél(not shown here The charge of
the associated highest occupied orbital is most significant at
the position of the removed oxygen. As discussed in Refs. 5
and 6 and 9, and shown in Figs. 4 and 5, removal of all
bridging oxygens, cause surface states high in the bulk band
gap associated to fourfold 3hions, with in-plane oxygep
contribution. The X 1 surface model has similar tin Sh
with lower density, and thus, similar surface DOS features as
shown in Fig. 4. This model also contains twofold coordi-
nated surface oxygens that have similarity with bridging
oxygens and contribute a similar DOS feature labeled lvy
Fig. 4. In case of the ¥2 model, surface states, with the
charge hats as discussed above, are clearly formed as shown
in Fig. 5. The corresponding maxima in DOS are labeled by
cin Fig. 4. At lower energy statebelow 1 eV from the top
of the valence barndcharge hats overlap significantly with
nearby fourfold surface tins in a way that charge becomes
smeared over empty in-plane vacancy $itet shown herg
This overlap obviously has a stabilizing effect. The charge
distribution of X4 surface has a qualitative similarity with
reduced and X 2 models. In the case of a less stable surface
vacancy model, in which in-plane oxygen is absent from
stoichiometric surface, highest occupied orbital were signifi-
cantly localized to the position of removed oxygen atom.
Concerning the differences between USP and PSP
pseudopotential results, a difference in charge density in a
close vicinity of surface Sn ions was observe&s indicated
by labelB in Fig. 5, in the case of PSP, additional localized
charge appear at surface Sn sites of both stoichiometric and
nonstoichiometric models in comparison to the case of USP.
The surface tin atoms, at the center of the surface unit cell,
also have highest Sns¢Sn-4p, and Sn-4 electron energies

FIG. 4. Total density of states of the upper valence band of thd the cases of stoichiometric, reduced an# 2 surface
considered slab models. The line indicates the highest occupiedl0dels. A simple explanation for this result is the largest
state. The largest density maxima are attributed mainly to oxpgen Valence charge of these tin atoms in comparison with other
orbitals. The DOS maxima labeled Byandb are due to the surface tin atoms in the unit cell&®

bridging oxygerp orbitals. The DOS maximum labeled bycorre-

sponds to the distribution of>22 model shown in Fig. 5.

Also, parts of DOS above the conduction-band minima
are shown in Fig. 4. Corresponding lowest occupied orbitals
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FIG. 6. Distribution of lowest unoccupied orbitals of stoichio-
metric (top) and reduced surface modelsottom calculated by
using USP pseudopotential. Significant localization is observed at
the site of the fivefold coordinated surface tin atom.

case of oxygen-deficient surfaces. This is in agreement with

experiments with oxygen-deficient SpGurfaces’ Most

considerable decrease of separation between valence- and
FIG. 5. Highest occupied orbitals integrated over the first Bril- cOnduction-band energy levels is observed in the case of the

louin zone of stoichiometric, reduced antk 2 surface models cal- 2% 1 model. The decrease of the energy-level separation can

culated by using PSP pseudopotential. The labéhdicates tin ~ be seen as an indication of the decreased stability of the

“charge hat.” LabelB shows charge distribution absent in the casesurface system® However, in the case of:21 surface this

of USP pseudopotential. These isocharge surfaces corresponds re@asoning does not seem to apply. The explanation for the

the charge density of about 0.01 é/A smallest separation between valence and conduction bands is

that the valence and conduction band std@®jected to

for stoichiometric and reduced models are shown in Fig. 6surface atomsare lower in energy at hollow area of the 2

In the case of stoichiometric model, separation betweerx 1 surface. In agreement with experimental results of scan-

valence- and conduction-band energy levels is decreasedng tunneling microscopy, hollow area shows a dark

with respect to bulk. The separation is further decreased isontrast® There are many effects that can result in stabili-
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FIG. 7. Absorption coefficients for the surface
systems as a function of excitation energy.

o, (arb. units)

4 7

5 6
Energy (eV)

zation of the hollow sites including absence of least coordiwith in-plane oxygens relaxing outwards in all cases consid-
nated surface ions together with decreased repulsive interaered. Threefold coordinated surface tin atoms with their near-
tions and larger Madelung field than at plafid0) surface. est in-plane oxygen atoms relax towards surface vacancy
Actually, for oxygen atoms the energy levels at the hollowsite. Nearly equal energies for surface vacancy formation
site were slightly(0.5 eV) below the energies of those oxy- (3.0 €V) were calculated for all structures. Consequently, sur-
gen atoms in the middle of the slab. face energy of the considered surfaces increase with increas-
Earlier, a good agreement was found between calculatef?9 0xygen deficiency. Reduced and oxidized 2 surfaces
and experimental ultraviolet absorption at Sn€urface’>  Were found to be relatively stable. The obse_rved differences
Here the applied electric dipole approximation predicts thaP€tWween X2 and 1x4 structures were relatively modest.
ultraviolet optical absorption in transition energies below 4 _ 1€ highest occupied orbital has a significant contribution
eV is entirely contributed by surfaces, as shown in Fig. 7. Anat the site of the removgd oxygen. In case of the21and. .
vacancy models cause about 1 eV decrease of the absorpti&ﬁg1r surfaces these or_bltals have qualitative characteristics
edge with respect to stoichiometric and reduced surfaceg/Milar to those found in SnO crystals. Surface states were
Thus, the presence of further surface oxygen deficiency an und in all studied cases, including also the stoichiometric
2% 1 type of surface geometry is observed to decrease ultr urface, at the top O_f Sn &#p.4d), O2s and _OZb type_ of
violet absorption edge. The effects of incident light polariza- qnds. The gl_ectromc_ structure okd model is associated
tion were also checked. It was found that, except for the cas¥ith an additional microscopically nonhomogeneous band
of 2x 1 surface, absorption is slightly more strong with the °€nding that decreases the observed band gap. Concerning

. . — . ultraviolet optical absorption, in comparison with the previ-
light polarl_zed. alond 110] direction with as compared to ously published stoichiometric and reduced surface models,
[001] polarization.

absorption edge is predicted to decrease about 1 eV in the

cases of X1, 1X4, and 1x 2 surfaces.
V. CONCLUSIONS
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