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Band structure and optical parameters of the SnQ(110 surface
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With a first-principles-density-functional method, combined with two different pseudopotentials, ideal oxi-
dized and reduced surfaces of tin oxide are studied. The band structures of bulk and the surface systems are
calculated and compared. The nature of the surfaéé 8ms, their outward relaxation, associated “dangling
bonds” and band gap states are considered. Also ultraviolet optical constants are determined by using the
electric dipole approximation with a scissor correction, and noted to agree with experiments. The presence of
the surface, and more significantly, its removed bridging oxygen atoms, becomes apparent in a formation of a
new absorption feature. This is predicted to cause about 0.7 eV decrease of the absorption edge.
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[. INTRODUCTION Our calculations also offer a possibility to interpret optical
properties of tin oxide material. While the reflectance of tin
Polycrystalline tin oxide (Sng cassiteritgand thin films  oxide near its infrared transparency edge is largely explained
of unique properties and of high quality can be prepared byy optical phonons;* the ultraviolet absorption of this wide
techniques such as chemical vapor deposition, spray pyrolysand gap material is more significantly connected to elec-
sis, evaporation, and sputteritgThis material has found a tronic excitations to the conduction band. These properties
wide range of applications in electric equipments and coatean be influenced by creation of oxygen vacancies and im-
ings where transparency is required, and more recently, alsaurity doping® We utilize the electric dipole approximatith
in gas sensors. In the present state of research, difficulties ate describe ultraviolet optical properties. This approximation
met in the accurate experimental determination of the strucis noted to serve well in obtaining a connection between
ture of its surfaces due to both dependence of preparatiopptical properties and structure of tin oxide. In transparent
conditions of the samples and due to need of nonconverpolycrystalline material like tin oxide the surface contribu-
tional measurement techniquéb. Therefore, theoretical tion to the properties can be expected to be enhanced. There-
methods are well suited to gain insight to the surface strucfore, we separately evaluate the bulk and surface optical pa-
ture and properties in this connectivr? rameters of Sn@ This kind of information has recently been
We will study here th¢110) surface of Sn@, whichisthe found to be important also in attempts to monitor film
most stable of naturally grown faces of the Snsdystal. For growth®
instance, by using crystals obtained by vapor-phase reaction A description of the computational method is first pre-
method combined with heating and oxidation treatments, alsented, followed by the models of bulk and surface systems.
most perfect oxidized(stoichiometri¢ SnO,(110 surface  Next, the discussion is extended to optical properties and in
can be preparetf. One may also introduce oxygen defi- the last section main results of our calculations are briefly
ciency to this surface by heating it in vacuum to form thesummarized.
reduced surfac¥. By using theoretical and first principles
methods we examine the properties of these two surface Il. METHOD
structuregshown in Fig. 1b)] in addition to underlying bulk . .
crystal. Ts{he two surfa?cel s)t]ructures are viewedytogbe unso- The crystal structure and unl't cell of S.Q’Ct.o n5|st|ng of
phisticated prevailing limiting cases. Depending on prepara'EWO tin and four oxygen atoms, is shown in Figal In Fig.
tion, tin oxide may also contain defective microstructures
and surfaces associated with oxygen deficiericy:*
Qualitatively in the limit of purely ionic approximation,
the crystal of Sn@ is composed of Si and G~ ions.
Along this approximation, analogously to SnO crystalss
the surfaces of SnQalso tin SA™ ions may be defined to be
present. We may thus expect that in SnGrf™ ions interact
less with oxygen atoms due to decreased ionic nature. Thu
valence electrons of $h may also contribute to occupied
“dangling bonds,” which we find with charge density and
band structure calculations. Interactions in grée known FIG. 1. (a) Primitive unit cell of the bulk cassiterite structure.
to have also significant covalent natdré, and thus, the  The shaded plane corresponds(1a0 surface.(b) Supercell of the
theory of charge sharing and transfer can be furthegjab model. The top face illustrates the stoichiometric and bottom
developed.” But we conclude here that self-consistent elec-face the reduce€l10) surface. The atom labeled A corresponds to
tronic structure calculation is needed to accurately describm-plane oxygen, B corresponds to bridging oxygen, and C to the
the charge distribution at the surfaces. fourfold coordinated tin (St) atom.
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1(b) the supercell of corresponding10 surface slab sys- TABLE |. Calculated bulk lattice parametera éndc in A) of
tems is illustrated. Top face of the supercell illustrates surcassiterite as defined in Fig. 1. PSP and USP refer to the chosen
face terminated by bridging oxygefstoichiometric surfage  Pseudopotentials.

and bottom face illustrates surface without oxygen atoms

forming the reduced surface. The stoichiometric supercell a ¢ u

consists of 18 atoms and the reduced one of 16 atoms. Thecperimental(Ref. 28 4.74 3.19 0.306
increase of accuracy by using larger number of atoms, wassp 4.75 3.22 0.306
noted to be relatively small, and the small size of the superysp 4.70 3.14 0.306

cell allowed comparisons to be made with more sophisti
cated pseudopotential.

Our computational first-principles-density-functional ap-Wwas one of the main reasons for the pseudopotential choices
proach is based on the plane wave basis set and pseudogBade. _ _ _ _
tential concept to describe electron-ion interacticASTEP/ For each of the structures optical dielectric function cal-
ceTEPCOda.2? The use of the plane waves is preferred sinceCUIat',o_”S with I_|ght alondg110] were performed. The optical
the results are not strongly tied to the choice of basis set anfiansition matrix element® are of the form
number of intgrgcting neighbor atqms. Also the perioplic R=Z(f|r|i), 1)
boundary conditions are fully taken into account. By using
ultrasoft pseudopotential®)SP’9 (Refs. 21,22 plane wave Petween the occupieidand unoccupied states. In Eq(1) r
basis set can be considerably limited. To check the validityS the position operator and vectgris the unit vector in the

of USP results, many of our results were completely repro_direction of the electric field, perpendicular to the normal of

duced by using more accurate nonoptimized normincident light. The electric field was considered to be unpo-

conserving pseudopotentialBSP's, which were generated larized, in which cas& is taken as an average in the plane of

by using the Teter schemf&Oxygen atoms are described by the incident normal. Effects attributed to plasmon excita-

: ) : ions, as observed in the maximum of electron energy loss
six electrons plus the pseudopotential ion core. Tin atom% 9y

contain four electrons in the case of the USP, and 22 elec-unCtlon [Im(1/e)] of electron energy loss spectroscopy

Mmeasurements, are not expected to be correctly described by

trons in the case of the PSP potential. The electronic interg dipole approximation uséd®* However, other optical

actions were taken into account W_'th general|zed-grad|en6roperties such as absorption and dielectric function are ex-
approximation (GGA) as parametrized by Perdew and ho teq to be accounted for. These may be compared to those
Wang:" The self-consistent ground state total energy of theyetermined from photoelectron yield spectrosépgind
system for all ion positions is obtained by density mixihg electron energy loss measuremefitan addition to direct
in the case of USP, and by band-by-band techrfijirethe  reflectance and absorption measuremé@hts.
case of PSP. The material is treated as insulator and partial cgjculations of matrix elements R were carried out in the
occupations of energy levels are not used. Plane waves Witiaciprocal space, for which a correction term due to the non-
kinetic (cutoff) energy higher than 500 eV were not included pcality of the pseudopotentflis included. The number of
in the case of USP. However, to check successful converspecialk points were doubled compared to energy minimi-
gence in USP bulk geometry optimization, cutoff energies Uation calculations. The influence of the increase of the num-
to 750 eV were used. The PSP requires considerably highgjer of k points, together with the Gaussian broadening of
cutoff energy, but we could perform relaxation simulationsyidth 0.6 eV for USP and 0.45 eV for PSP used seems to be
using cutoff values of 1000 eV and then increase accuracy bMuite insignificant. ~ Absorption  coefficient = 1.02
to cutoff at 2500 eV. o _ X 10° KE (in units 1/cm, which is calculated as in Ref. 30,
_Integration over the Brillouin zone involved a symme- js optained from transition enerdy (in eV) and optical ex-
trized Monkhorst-Pack poinfS. For the geometry optimiza- tinction coefficientk that is calculated from the dielectric
tion of unit cell, a set of 6% points seemed to be sufficient fynction?® The real part of the dielectric function is obtained
and 4-5 for slab relaxation due to the larger unit cell. Foffom the Kramers-Kronig relation.
geometry optimization, the number &fpoint values was We also performed the Mulliken population analysis for
also increased to check convergence. Some additi&nal the structures, which were calculated by using USP. In this
points with weight zero were included to assist in'[erpolationana|ysiS Mulliken charges of atoms and bond populations of

in the following band structure calculations. In a case of slathajrs are calculated in terms of density matrix and overlap
model, the vacuum between the surfaces was initially 6 Amatrix 3 These are obtained from projections of the one-

avoid interaction between surfaces. The underlying bulk sys-

tem was taken into account by fixing atoms of ##80 |, £ fcTRONIC STRUCTURE OF BULK CASSITERITE
atomic plane in the middle of the slab supercell to the posi-

tions corresponding the bulk relaxed structure. For all sys- We shall here consider briefly the electronic structure of
tems the ionic relaxations were carried out with Broyden-bulk rutile structure crystal of SnObased on our calcula-
Fletcher-Goldfarb-Shanno algorithth. As expressed in tions. Contrary to the ionic approximation, valence pins
Table 1, calculated bulk lattice parameters coincide closeland alsod occupancies can be significdt We noticed by
with experimentally determined lattice paramet&rsyhich  performing the Mulliken population analysis, that the Sn ions
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a) unoccupied energy levelby 2.25 eV in the case of USP and
1.92 eV in the case of P$Ro reinstate experimentally
T SR O S . -~ known direct bulk band gapg;) of SnG,. We chose the
st 7 s . ] band gap to b&,=3.6 eVZ although larger value has been
r 1 observed in some cas&The same shift to the unoccupied
levels is applied in all of our calculations discussed below.
—_————— The partial densities of states in termsseindp-angular
M%d 9& momentum projectors for USP is in agreement with earlier
~ —
/

interpretations’ As it is quite typical for metal oxide$pxy-

gen X contributes strongly to the band belowl5 eV and
O-2p strongly to the whole upper valence band. The part of
the valence band, with energy belows eV, contains also
little Sn-5s type contribution. The valence band with energy
above—5 eV, respectively, is contributed by Sp-5In the

N e s conduction band minimum the dispersion is relatively high
and a first density maximum, of mainly Srtype, appears at
about 8 eV. At higher energies the $rtype density is more

b) significant. The band structure of USP agrees satisfactorily
with both experimental and more accurate results of PSP,
- REE T il B N e and we continued to more detailed studies by using mainly
5t .7 L 1 this pseudopotential, which is computationally much less de-
manding.
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IV. (110 SURFACES

The (110 surface of Sn@is composed of different types
of atoms. At the stoichiometric surface there are fivefold, and

|
Al
()

10 sixfold coordinated bulklike tin atoms, while at the reduced
15 surface the sixfold coordinated tin atoms are turned to four-
fold coordinated. Qualitatively, both inward and also out-
e D ward relaxations of surface ions may be expected to be as-
—20; Z - ” - < 'R sociated. The occupancy of surface oxygen ions is expected

to remain almost unchanged. In the case of reduced surface,
FIG. 2. Band structure of bulk Sn@alculated by using PS@)  that includes St ions, the occupied tin contribution can be
and USP(b) pseudopotentials. The path is along the symmetry linedncreased, since unoccupied oxygen states have relatively
in reciprocal space and allows a direct comparison to earlier calcuhigh energy. We suggest that the theé? Srontribution pre-
lations (Ref. 8. sents dangling bond characteristics. In order to study the sur-
faces in more detail, we applied the slab model and deter-
have 1.2 s electrons and 1.1p-electron content. Compared mined the 2D surface band structure after relaxation.
to the earlier calculatioris including d electrons, it seems We shall first make a quantitative consideration of calcu-
that the small Sn-valenadelectron content is replaced sy lated surface relaxations. Based on these calculations, it is
electrons if USP is used. In this respect, the quality of theknown that at the SnQsurface, there are some displace-
approximation that ignores this smalcontent, may be well ments of atoms from the bulk positiof§21°Table II illus-
accepted in systems having symmetric atomic environmentrates that there is a small variance of these calculated dis-
Oxygen atoms were respectively composed of §.8lec- placements. The relaxations of USP and PSP are very
trons and 5.0p electrons. similar, the former slightly underestimating the degree of
Comparing the width of the upper valence band of therelaxations. In Table Il, we also present the results of Rantala
calculated band structure, which is illustrated in Fig. 2, to theet al® using linear-combination of atomic orbitals method
experimental result of 7.5 e¥ a slight overestimation is (LCAO) and of Goniakowsket al.” using optimized norm-
noticed. The width of the PSP valence band is 7.9 eV, whileonserving pseudopotential of Liet al>® (LP). Results of
in the case of USP the width is slightly larger, 8.8 eV. Theminimal basis set non self-consistent tight-binding me¥hod
obvious reason for the difference between pseudopotentidlB) are also shown, indicating less good applicability of
results is the fact that the accuracy of low valence bands ithis method to model surface relaxations, if compared to the
improved considerably by the explicit treatment of coredensity functional methods.
states of PSP pseudopotential. In both cases we find direct The oxygen atoms, with respect to tin atoms in the same
band gap in agreement with experiments. The application ctomic plane, relax outwards. In the case of the reduced sur-
the local density type of approximation is known to under-face this displacement is about 0.3—0.4 A. Likewise, the tin
estimate excited state energies. This situation is corrected bgns marked by C in Fig. (b), relax outwards. In a case of
using so called scissor operation that simply shifts rigidly thestoichiometric surface the outward relaxations range from
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TABLE II. Distances and outward relaxations of atoms along r X
[110], from the plane formed by fivefold coordinated surface tin I:l
atoms[see Fig. 1b)] (Ref. 6. A4 corresponds to displacement of
threefold coordinated in-plane oxygen afg: to displacement of
fourfold/sixfold tin, respectivelydg is the distance of the bridging a)

oxygen from the plane.
Stoichiometric Ap dg Ac 9
PSP 0.26 1.42 0.22
usp 0.25 1.39 0.21 30
LP (Ref. 7 0.22 1.46 0.30 3 =
LCAO (Ref. 6 0.25 1.41 0.20 g 7
TB (Ref. 8 0.29 1.37 0.10 -5
Reduced
PSP 0.33 0.38 -0
uspP 0.30 0.22 - < m x -
LP (Ref. 7 0.26 0.41
LCAO (Ref. 6 0.40 0.14
b)

TB (Ref. 8 0.28 —0.05 /Xé <

5/\/'/\/—_
0.2 to 0.3 A. Our earlier calculations, made by using the |
similar PSP pseudopotential approfeine recalculated here / \\\
with a different slab model. Due to this and other differences 3 O —
such as cutoff energy and numberkgboints, the relaxations )
of PSP as introduced here differ slightly. By performing a 2 %y
few computational experiments with differently strained N -5X% i
fixed atomic plane, it became evident that the outward dis- S | =
placements of atoms are also considerably dependent on the I
strain of the surface layers. These phenomena are also ex- -101 1
pected to have some significance in the chemical properties

r X M X T

of tin oxide surfaces.

The PSP, core states are shifted differently in case of the g, 3. surface bands of the stoichiometfi and reducedb)
two surfaces, which have a direct influence on surface enekyrface slab models calculated by using USP. The shaded region
getics. The surface energy of the stoichiometric surfdces corresponds to the projected bulk band structure. The first Brillouin
was calculated to be 1.3 J?rrior USP and 1.1 J/I2f'IfOI’ zone with high symmetry points is shown.

PSP. The half of total energy difference between the sto-

ichiometric and reduced slabs that was reduced by the totavhich are observed in Fig.(8. In the case of the reduced
energy of a free oxygen molecule, was calculated to be 3.5urface, occupied band gap states arise more significantly
eV in the case of USP and 2.7 eV in the case of PSP. Thiabove the bulk valence band maximum as can be seen in
can be used to compare surface stability and to estimate tHéig. 3(b). This is in agreement with photoemission
surface reduction enerdy:*° measurements:4!

The whole band structure of the slab model, compared to In order to study the electronic structure of reduced sur-
the corresponding projected bulk band structure, is illustratefices in more detail, we calculated their surface band struc-
in Fig. 3(a) for the stoichiometric surface and in Figh3for  ture and electron densities with both USP and PSP. By using
the reduced surface. The alignment of the projected bullJSP, also density of states, Mulliken population analysis and
band structure relative to the surface slab band structure Bond populations were calculated. As shown in Fif)3
fixed so that the positions of the valence band minimuii at band gap states are risen considergBleV) above the va-
point match. The reasoning for this fixing condition is ob-lence band maximum dt point, and this rise was equiva-
tained from a band structure calculation that was performedently observed also in the case of PSP surface slab calcula-
for a thicker reduced slab system consisting more bulklikeion. The reason for the dispersion is weak localizatfon.
atoms. With an accuracy better than 0.5 eV, the related bulfhe density maximum is found at about 2 eV above the
projection area would have been obtained by using thealence band maximum &t point. In close agreement, pho-
thicker slab system. This is also consistent with investigatoemission investigations have suggested that filled gap
tions suggesting that band bending is minimal in thisstates exist at 1.4 eV above the top of the valence Bhand.
case>?3L|n the case of the stoichiometric surface fhggpe  According to the Mulliken population analysis the band gap
electrons of bridging oxygen atoms contribute most signifi-states of the reduced surface are a mixture of mostly fourfold
cantly new occupied states at the top of the valence bandin s andp types, containing also a slight @-contribution.
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a) a)
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FIG. 4. Electron charge density viewed alof@d1] of the re- -
duced surfaces calculated by using R8Pand USP(b). In-plane 2r
oxygen iongleft and righy and SR* ion (at the middI¢ are shown,
towards which charge increase stepwise, with steps of value 1t
0.34 /A3, starting from the outermost contours of charge
0.17 e/A3. The distances between Bnion and oxygen ions are 0 . , . . . ST
2.08 A in(a) and 2.11 A in(b), respectively. 0 5 10 15 20 25 30 35

Energy (eV)

The bond population analysis indicated for in-plane oxygen G, 5. Dielectric functione; of bulk and surface systems as a
atoms that they are relatively strongly bound to the fivefoldfunction of excitation energy. The solid lines correspond to the
coordinated surface tin atoms and that their interaction tguik, obtained from calculations with PShick line) and USP
Sr*" ions is reduced to be mainly of ionic nature. (thin line). The dashed line illustrates the case of stoichiometric slab
The electron density of the reduced surfaces, ai@i04) and the dash-dot line the reduced slab, respectively.
plane where it is most extended to the vacuum, is shown in o
Fig. 4(a). The quite uniform charge density at this plane, that! Ne peak at 16 eV originates from lower valence bagd
was calculated by using PSP, was very similar in the case ot$—O 2p) to Snp conduction band. At higher excitation
the stoichiometric surface. When the charge distribution i€nergies transitions also from the Gs 8tates become pos-
compared to the calculation made for the reduced surface bsiPle, which explains absorption above 20 eV. The PSP cal-
using USP, differing valence electron densities in the vicinityculation clearly takes better into account a_lllovyed transitions
of St ions is observed as shown in Figbtt The differ- from these and Sndtlevels, since as seen in Figi@ more

ence may be viewed to be due to the better modelling of th@ccupied states at valence band belew0 eV are accom-
Srf* ion core of the PSP. panied. Experimental investigations have suggéstédhat

at about 32 eV Snd-Sn 5 transitions contribute absorp-
tion, which explains the absorption of PSP at these energies
in Fig. 6.

From the calculated matrix elements of dipole optical A comparison of the bulk and surface models indicates
transitions, the complex dielectric functioe< €;+ie,) was  thate, anda preserve the same features but are flatter in the
evaluated as a function of transition energy up to 35 eV. Thease of the surface models. Both surface systems cause a
dielectric functions and absorption coefficient are repre-decrease of the absorption edge, due to the surface states, to
sented in Figs. 5 and 6. The absorption spectrum of the bulkkansition energies below 4 eV. Especially, in the case of the
systems shown in Fig. 6 has two significant absorptiorreduced surface, a significant feature in #espectrum at
maxima, which may be explained roughly in terms of theenergy below 5 eV is found. In experiments, surfaces con-
state densities discussed above and the selection fule ( tribute much less to absorption and this provides one argu-
= =*1) for direct transitions. Transitions at and below energyment supporting the fact that the surface transitions are as-
values of 10 eV originate from transitions from the uppersociated to slightly higher transition energies (6 eV) in
valence bandSn 5—0 2p type) to Sns conduction band. experiments®

V. CALCULATED OPTICAL PROPERTIES
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1 i 1 ' JALPIJP I\L ' 1 VI. SUMMARY
1 Tin oxide bulk and two of itg110) surfaces were studied

by utilizing density functional first principles calculations.
The ultrasoft pseudopotential seems to predict geometry and
electronic structure of bulk and surface systems in agreement
with more accurate calculations performed. After correcting
the band gap, also the agreement with experimental results is
good. In the case of the stoichiometric surface, the bridging
oxygens contribute occupied states near the top of the bulk
valence band. In a case of reduced surface, filled states ap-
_ pear higher in the band gap, and are associated with weakly
5 5 0 15 20 25 30 35 Iocathd electron density of Fhe f'ourfold coordlngted tin

Energy (eV) Sr** ions. Both pseudopotentials, in agreement with some

other density functional calculations, predict that these ions

FIG. 6. Absorption coefficienta for bulk and surface systems relax almost similarly outwards, but the coarse valence

as a function of excitation energy. The lines correspond to the Oneéharge density in the vicinity of these ions differs slightly,
used in Fig. 5. The arrows mark experimental absorption peakﬁowever

(Ref. 30, with P indicating the plasmon related contributions.

o (1/u m)

The ultraviolet optical properties calculation based on the
calculation of dipole transition matrix elements, allows accu-

Arelevant result of absorption arg spectra is that other rate predictions to be made for the absorption and the com-
peaks observed in experimental measurenitrtsuld be  plex dielectric function. The surface contributes to the opti-
found with even better precision. In experiments the transigg| spectra by slightly washing out details and shifting the
tions are associated to the energy values that are indicated I@lbsorption edge to lower energyelow 4 eV due to band
arrows in Fig. 6. As seen from the figure, except for energyyap states. A significant low-energy absorption peak appears
values 17 and 25 eV, the agreement is better than 1 eVose to the absorption edge and it is pronounced in a case of
Moreover, in experimentSthe value of the absorption coef- the reduced surface. The polarization direction of little ab-

ficient does not exceed 1.4m™* and it is slightly overes-  sorption at lowest transition energies in tin oxide was found
timated in our calculations. Thus, the theory that we haveg correspond t§001] direction.

implemented gives quite satisfactory results, although it ex-
cludes many of the microscopic effects. If instead of unpo-
larized light, polarization alonf001] is assumed, absorption
is in all our bulk and slab calculations smaller at transition
energies below 7 eV. The absorption edge is shifted about 1 We acknowledge the Academy of Finland for funding
eV to higher energy values. In this respect, agreement wittMECA project, within which this work has been carried out.
an other calculation made recently for bulk tin oXitle We also acknowledge computational resources of the Center
is found. for Scientific ComputingCSQ Espoo, Finland.
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