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Reduced SnO , surfaces by first-principles calculations
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(Received 6 October 2003; accepted 12 December)2003

Sn0G,(110) and (101 surfaces with eleven different kinds of terminations for each are
systematically investigated by a first-principles projector augmented wave method. Surface energies
are discussed as a function of temperature and oxygen partial pressure. Atomic relaxations of the
surfaces are then compared. In agreement with previous calculations, the stoichidffEric
surface is the most stable surface at high oxygen chemical potefnialdow temperature or high
pressurg At lower oxygen chemical potentials, however, one of the redudéd) surface
terminations becomes energetically preferred. The other surface terminations are found to be less
stable. This is consistent with recent thin-film experimental results2004 American Institute of
Physics. [DOI: 10.1063/1.1646460

Tin dioxide or stannic oxide with the rutile structure, values ofa=b=4.82 A andc=3.24 A, which is about 1.8%
known under the mineralogical name cassiterite, is a widdarger than the experimental values. This deviation lies
gap(3.6 eV) material. Due to its electronic structure and thewithin the usual errors of the GGA method.
possibility of two different oxidation states+2,+4) of Sn, Different surface terminations of the Sp@10) and
SnG, is very sensitive to oxidizing and reducing gases. It is(101) surfaces are investigated. The oxygen coverage, struc-
therefore used in many applications, such as oxidation catdure, and thermodynamic stability of surfaces are a function
lyst and gas sensor. Upon reaction of these gases with tH¥f temperature and pressure. Therefore, a thermodynamic ap-
Sn0O, surface, a change of conductivity can be measured. Rroach is mandatory. Conceptually, the physical system of
lot has been published about Sn&urfaces. However, most the present study consists of three regions, namely a large
studies concentrated on the Si{OL0) surface, e.g., Refs. egion of bulk and stoichiometric SpOa large gas phase
1-3. Recently, some experimental studies have claimed th4g910n consisting of molecular oxygen at presspreand a
the SnQ(101) surface should also be stable under certair?urface region with chemical composition,& in ana pri-
experimental condition$? In this context, we perfornab ori unknown structure. The surface region contains a total

initio calculations of both the Sn0110) and the Sngj101) ;1_l;mbert_oﬂ\13n atnde of tin anc;o;(ygen attrcljms, rle;ptehctl\;etly.
surfaces and compare the results. As we have to take into € entire system IS surrounded Dy a thermal bath of tem-
. . o peratureT. The oxygen partial pressure and the temperature
account various experimental conditions and, therefore, dift . .
: are kept in a range where Sp@ thermodynamically stable,
ferent temperature and pressure ranges, we will study the . . . .
dependence of the surface energy on the chemical potential..’ the oxygen partial pressure is sufficiently high and the
P gy P E%e‘mperature sufficiently low.

In this way, we can predict the most stable surface termina- The free energy of the SnGurface can be given by
tion for a given partial pressure of oxygen and the tempera-
ture of the system. qurface= Gsurface™ Nsntsn— Nopto s (1)

Our calculations are based on density functional theory _ _
using the generalized gradient approximati@GA) for the ~ Where us, and uo are chemical potentials of Sn and O,
exchange-correlation potential as given by Perdew and Wanghich are cc_)nnectedb tlf(y the chemical potential of bulk and
(1991).57 The Kohn—Sham equations are solved with a planstoichiometric Sn@ugyc, as
wave basis as implemented in thvesp codé™'° with its bulk
projector augmented wav@AW) potentialst®*? The PAW MsnT 210 Msno, - )
Sn potential is given for 14 valence electrons of the configu-
ration 4d'°5s? 5p?, the O potential for six valence electrons
with the configuration 8% 2p*. The cutoff in the plane wave

expansion was taken to be 400 eV. similar for the different surface terminations and thus can be
As a first ste_p, the cell p_arameters of bulk 5né)e_ cancelled when relative stability among surfaces are com-

computed. For th_|s, thie mesh_ls caref_ully checked leading pared. Furthermore, the internal eneidyis approximated

us to the conclusion, thatkapoint spacing of less than 0.28 by the total energy of the surface region as obtained from

_1 . . X X N
A~% s necessary to obtain convergence of the cell energy Bround-state electronic structure calculations using a super-

less than 5 meV/cell. For the tetragonal Sre@ll, we obtain o, composed of an atomic sIaE;‘,’;%'. This assumption im-

plies that the phonon density of the solid does not depend
¥Electronic mail: wolfgang@fukui.kyoto-u.ac.jp strongly on the surface structure and composition. We have

Gsuriace IS the Gibbs free energy of the surface region,
which can be given by6=U+pV-TS with U being the
internal energy. It is assumed that the term$and TS are
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assumed tha]u'g‘rﬁ'{f)2 is given by the total energy per unit Oxygen Chef;‘i:al F;octsemizalo [e\;]4
formula of bulk SnQ, ES . Division of Qgyace by the 9 04 08 A2 15 20 - R
surface areaA, and accounting for the two surfaces of the < 025 : 1
slab leads to the surface free energy Qqracd2A. S o020f (110) reduced C ]
The gas phase above the Sn€irface contains £mol- o : (101)reduced
ecules. The total energy of the,@olecule can be related to 4 015 ¢ ! ]
the chemical potential of oxygen @=0 K and p=p° as & 0.10 §101) stoichiom. P
1/2Et8;a'= 1o(0,p%). The chemical potential of oxygen for 3 0.5 - -
arbitrary T andp, uo(T,p) can be given by 5 %L (110) stoichiom. ]
. 0.00 [ XN
p 1 PR, 1
- 0y 4 = L 0 500 1000 1500
po(T.P)=po(T.p) + 3 kTIn( 00 ©) Temperature. (K]

Fo||0Wing common practicé% the temperature dependence FIG. 1. Dependence of the surface energy on the temperature or oxygen
of “o is taken from experimental data as given in the Stan_chemi(_:al potential at an oxygen pressure qT_ﬁﬁtm. T_he vertical line at a
dard thermodynamic tabi'é.po is taken to be 1 atm. In prin- potential of—2.4 eV denotes the decomposition of Sriito SnO and @ at
a temperature of around 1300 K.
ciple, one may have to consider the temperature dependence
of free energies of solids. However, the major contribution
for the temperature dependence of the surface energy #hiometricsurfaces of SnPhas been examined by Oviedo
given by Eq.(1) comes from the large standard entropy of O and Gillan™ They found that the surface energy a0 is
gas as compared to the solid systems. Moreover, the smallémaller than that fof101) by 0.29 J/nd or 18 meV/&. Our
temperature dependence of chemical potentials of solids caigsult of 23 meV/& is in agreement with them. As the en-
be cancelled in Eq(1). Therefore, only the temperature de- ergy of stoichiometric surfaces depends neither on the oxy-
pendence ofug Was taken into account in this work. gen chemical potential nor on the temperature, the stoichio-
1o should be restricted by the conditions th@i:SnQ,  metric (110 surface is more stable than the stoichiometric
does not decompose in SnO afiid molecular oxygen does (101) surface for all temperature and pressure ranges. Com-
not condense on the surface. These conditions implpared to the nonstoichiometric surface terminations, the
V2G> no>ESs —ESo- (110 Sn204 terminated surface is the most stable surface at
The periodic unit of the surface plane of Si{@10) is  high oxygen chemical potentialg.e., low temperature or
composed of two Sn and four O when the slab to model th&igh pressure At typical vacuum conditions of 10" atm,
surface is stoichiometric. It will be called Sn204 termina-the redox occurs at a temperature of around 720 K for the
tion. By subsequent removal of O and/or Sn within the samé101) surface, and at 1080 K for th@10) surface. It should
surface periodicity, all the other terminations can be created?® mentioned that for the reduced surfaces (11t surface
Sn203, Sn202, Sn201, Sn2, Snl04, Sn103, Sn103S always more stable than ti210 surface.
Sn101, and finally, Sn304 and Sn205. These are, in sum, Ovideo and Gillah have examined a reducétil0) sur-
eleven terminations which can be constructed for both théace of SnQ, where all bridged O atoms have been removed
110 and 101 surfaces. The slabs are all set up symmetricallffom the surface. This so called “planar-reduced surface”
so that the two surfaces of the slab are identical. Surfac€orresponds to the Sn203 termination in our definition. In
energies are compared after geometry optimization of all difthe present calculation, this surface is found to be less stable
ferent surfaces. For the surface cells, the number of necefian the reduced Sn202 or the Sn204 surface under any
sary layers and the necessary vacuum width have been cat&ermodynamical conditions. MaJaskari and Rantalére-
fully checked. We conclude, that a five layer slab for theported relative stability and local electronic structure of or-
(110 surface and a seven layer slab for #®1) surface dered stoichiometric and oxygen-deficie(itl0 surfaces.
with a vacuum width of 10 A is sufficient to obtain results Their results are qualitatively similar to our results of the
with convergence in surface energy within 5 me¥/Athe (110 surface. However, they did not examine {1€1) sur-
relaxations are done layer by layer, starting with the firstface.
layer and fixing the inner layers, until all layers are relaxed. ~ Dominguez et al*® reported that thin films of SnO
Thek mesh is chosen with a spacing of less than 0.3 for ~ made by pulsed laser deposition process on sapph@&Z)
the relaxations, until forces become smaller than 0.01 eV/Asubstrates at 973 K and oxygen backfill pressure of the order
and then continued with a spacing of less than 0.28.A of 10~ 7 atm prefer to grow with(101) planes parallel to the
The thermodynamic stability of the two surfaces and thesubstrate. If a sapphir€000) substrate is used, the film
eleven different surface terminations for each are compareshows(100 orientations when its thickness is smaller than a
as a function of the chemical potential of oxygen and tem-<ritical value of about 60 nm. When the thickness exceeds
perature. Figure 1 shows the surface energies for stoichidghe critical value,(101) oriented grains appear. This means
metric Sn204 and reduced Sn2Q@20 and(101) surfaces at that the(101) surface is stable under the giv@hand Po,:
Po,=10"" atm. It is interesting that all other surface termi- According to the present calculation, the experimental con-
nations show larger surface energies than either of these twdition corresponds to the region in which the redu¢&al)
cases under the conditions shown in Fig. 1. In other wordssurface is most stable. Hence, this is consistent with the ex-
only two surface terminations of each surface play a role, alperimental results, although they did not examine the surface

others are less stable. The relative stability of differsiot  termination. Figure 2 shows the dependence of the critical
Downloaded 30 May 2007 to 130.54.110.22. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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Temperature, T (K) TABLE |. Layer relaxation for the stoichiometric Sn204 and reduced
in o
15100 1q00 7|50 500 Sn202 surfaces in % fdi110) and(1021).
i J 110 Sn204 Sn202
E 102 7 0-Sn202 ~6.7
5 L 4 Sn202-0 7.7 7.9
A | 0-0 48 0.2
Q10 (101) 0-Sn202 -1.0 0.1
g 3 7 Sn202-0 1.2 1.3
§ 10°T A 0-0 -34 -15
a i | 101 Sn204 Sn202
S 10°f ]
E L 4 02-Sn2 9.4
a | | Sn2-02 -13.8 4.2
$ 10 02-02 14.8 5.2
2 - 1 02-Sn2 -95 0.0
3 102 - Sn2-02 0.2 -1.4
i 4 02-02 1.0 1.6
) . 02-Sn2 0.1 -04
10° Sn2-02 -15 -0.8
05 1 1.5 2 0202 17 1o

UT [10°K ]

FIG. 2. Dependence of the critical temperature for redox between Sn208he stoichiometriq101) surface, but is decreased by about
(stoichiometri¢ and Sn202(reducedl terminations on the oxygen partial two-thirds upon reduction of the surface.

pressure in the Arrhenius plot for thi&10) and(101) surfaces. In conclusion, we found that the reducétDl) surface

of SnG, is the energetically most stable surface under con-
ditions of high temperature or lowo,. This should play an
important role in gas sensing and catalytic mechanisms. Al-
though until now, the(110) surface has been extensively
studied almost exclusively, th@01) surface should be very
r\nteresting and promising.

temperature for the surface reddx,, on the oxygen partial
pressurepo, in the Arrhenius plot. The diagram may be use-
ful for process design of catalysis or gas sensors.

The geometries of four surfaces are shown in Fig. 3 wit
the corresponding layer relaxations in Table I. For ¢h&0)
surface, the relaxations are rather small and very similar be- This work was supported by three projects from the
tween stoichiometric and reduced surfaces. Interestinglyinistry of Education, Culture, Sports, Science, and Tech-
enough, the atomic relaxation is much more significant fomology of Japan. They are a Grant-in-Aid for Scientific Re-

search on Priority AreafNo. 751, the Computational Ma-
terials Science Project in Kyoto University, and the 21st
century COE program.
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