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Band structure and optical parameters of the SnO2„110… surface
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Institute of Physics, Tampere University of Technology, P.O. Box 692, FIN-33101 Tampere, Finland
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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 surface Sn21 ions, 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.

DOI: 10.1103/PhysRevB.64.075407 PACS number~s!: 73.20.2r, 68.35.2p, 78.20.2e, 78.68.1m
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I. INTRODUCTION

Polycrystalline tin oxide (SnO2, cassiterite! and thin films
of unique properties and of high quality can be prepared
techniques such as chemical vapor deposition, spray pyr
sis, evaporation, and sputtering.1,2 This material has found a
wide range of applications in electric equipments and co
ings where transparency is required, and more recently,
in gas sensors. In the present state of research, difficultie
met in the accurate experimental determination of the st
ture of its surfaces due to both dependence of prepara
conditions of the samples and due to need of nonconv
tional measurement techniques.3,4 Therefore, theoretica
methods are well suited to gain insight to the surface str
ture and properties in this connection.5–11

We will study here the~110! surface of SnO2, which is the
most stable of naturally grown faces of the SnO2 crystal. For
instance, by using crystals obtained by vapor-phase reac
method combined with heating and oxidation treatments,
most perfect oxidized~stoichiometric! SnO2~110! surface
can be prepared.12 One may also introduce oxygen de
ciency to this surface by heating it in vacuum to form t
reduced surface.12 By using theoretical and first principle
methods we examine the properties of these two sur
structures@shown in Fig. 1~b!# in addition to underlying bulk
crystal. The two surface structures are viewed to be un
phisticated prevailing limiting cases. Depending on prepa
tion, tin oxide may also contain defective microstructur
and surfaces associated with oxygen deficiency.3,13,14

Qualitatively in the limit of purely ionic approximation
the crystal of SnO2 is composed of Sn41 and O22 ions.
Along this approximation, analogously to SnO crystals,15 at
the surfaces of SnO2 also tin Sn21 ions may be defined to b
present. We may thus expect that in SnO2, Sn21 ions interact
less with oxygen atoms due to decreased ionic nature.
valence electrons of Sn21 may also contribute to occupie
‘‘dangling bonds,’’ which we find with charge density an
band structure calculations. Interactions in SnO2 are known
to have also significant covalent nature,5,16 and thus, the
theory of charge sharing and transfer can be furt
developed.17 But we conclude here that self-consistent ele
tronic structure calculation is needed to accurately desc
the charge distribution at the surfaces.
0163-1829/2001/64~7!/075407~7!/$20.00 64 0754
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Our calculations also offer a possibility to interpret optic
properties of tin oxide material. While the reflectance of
oxide near its infrared transparency edge is largely explai
by optical phonons,1,4 the ultraviolet absorption of this wide
band gap material is more significantly connected to el
tronic excitations to the conduction band. These proper
can be influenced by creation of oxygen vacancies and
purity doping.1 We utilize the electric dipole approximation18

to describe ultraviolet optical properties. This approximati
is noted to serve well in obtaining a connection betwe
optical properties and structure of tin oxide. In transpar
polycrystalline material like tin oxide the surface contrib
tion to the properties can be expected to be enhanced. Th
fore, we separately evaluate the bulk and surface optical
rameters of SnO2. This kind of information has recently bee
found to be important also in attempts to monitor fil
growth.19

A description of the computational method is first pr
sented, followed by the models of bulk and surface syste
Next, the discussion is extended to optical properties an
the last section main results of our calculations are brie
summarized.

II. METHOD

The crystal structure and unit cell of SnO2, consisting of
two tin and four oxygen atoms, is shown in Fig. 1~a!. In Fig.

FIG. 1. ~a! Primitive unit cell of the bulk cassiterite structure
The shaded plane corresponds to~110! surface.~b! Supercell of the
slab model. The top face illustrates the stoichiometric and bot
face the reduced~110! surface. The atom labeled A corresponds
in-plane oxygen, B corresponds to bridging oxygen, and C to
fourfold coordinated tin (Sn21) atom.
©2001 The American Physical Society07-1
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MATTI A. MÄ KI-JASKARI AND TAPIO T. RANTALA PHYSICAL REVIEW B 64 075407
1~b! the supercell of corresponding~110! surface slab sys
tems is illustrated. Top face of the supercell illustrates s
face terminated by bridging oxygens~stoichiometric surface!
and bottom face illustrates surface without oxygen ato
forming the reduced surface. The stoichiometric super
consists of 18 atoms and the reduced one of 16 atoms.
increase of accuracy by using larger number of atoms,
noted to be relatively small, and the small size of the sup
cell allowed comparisons to be made with more sophi
cated pseudopotential.

Our computational first-principles-density-functional a
proach is based on the plane wave basis set and pseud
tential concept to describe electron-ion interaction~CASTEP/

CETEPcode!.20 The use of the plane waves is preferred sin
the results are not strongly tied to the choice of basis set
number of interacting neighbor atoms. Also the perio
boundary conditions are fully taken into account. By usi
ultrasoft pseudopotentials~USP’s! ~Refs. 21,22! plane wave
basis set can be considerably limited. To check the valid
of USP results, many of our results were completely rep
duced by using more accurate nonoptimized nor
conserving pseudopotentials~PSP’s!, which were generated
by using the Teter scheme.23 Oxygen atoms are described b
six electrons plus the pseudopotential ion core. Tin ato
contain four electrons in the case of the USP, and 22 e
trons in the case of the PSP potential. The electronic in
actions were taken into account with generalized-grad
approximation ~GGA! as parametrized by Perdew an
Wang.24 The self-consistent ground state total energy of
system for all ion positions is obtained by density mixing25

in the case of USP, and by band-by-band technique20 in the
case of PSP. The material is treated as insulator and pa
occupations of energy levels are not used. Plane waves
kinetic ~cutoff! energy higher than 500 eV were not includ
in the case of USP. However, to check successful con
gence in USP bulk geometry optimization, cutoff energies
to 750 eV were used. The PSP requires considerably hig
cutoff energy, but we could perform relaxation simulatio
using cutoff values of 1000 eV and then increase accurac
to cutoff at 2500 eV.

Integration over the Brillouin zone involved a symm
trized Monkhorst-Pack points.26 For the geometry optimiza
tion of unit cell, a set of 6–9k points seemed to be sufficien
and 4–5 for slab relaxation due to the larger unit cell. F
geometry optimization, the number ofk-point values was
also increased to check convergence. Some additionk
points with weight zero were included to assist interpolat
in the following band structure calculations. In a case of s
model, the vacuum between the surfaces was initially 6
but it needed to be increased to 10 Å in the case of PS
avoid interaction between surfaces. The underlying bulk s
tem was taken into account by fixing atoms of the~110!
atomic plane in the middle of the slab supercell to the po
tions corresponding the bulk relaxed structure. For all s
tems the ionic relaxations were carried out with Broyde
Fletcher-Goldfarb-Shanno algorithm.27 As expressed in
Table I, calculated bulk lattice parameters coincide clos
with experimentally determined lattice parameters,28 which
07540
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was one of the main reasons for the pseudopotential cho
made.

For each of the structures optical dielectric function c
culations with light along@110# were performed. The optica
transition matrix elementsR are of the form

R5Z^ f ur u i &, ~1!

between the occupiedi and unoccupiedf states. In Eq.~1! r
is the position operator and vectorZ is the unit vector in the
direction of the electric field, perpendicular to the normal
incident light. The electric field was considered to be unp
larized, in which caseZ is taken as an average in the plane
the incident normal. Effects attributed to plasmon exci
tions, as observed in the maximum of electron energy l
function @ Im(1/e)# of electron energy loss spectroscop
measurements, are not expected to be correctly describe
the dipole approximation used.4,29,30 However, other optical
properties such as absorption and dielectric function are
pected to be accounted for. These may be compared to t
determined from photoelectron yield spectroscopy31 and
electron energy loss measurements,30 in addition to direct
reflectance and absorption measurements.32

Calculations of matrix elements R were carried out in t
reciprocal space, for which a correction term due to the n
locality of the pseudopotential33 is included. The number o
specialk points were doubled compared to energy minim
zation calculations. The influence of the increase of the nu
ber of k points, together with the Gaussian broadening
width 0.6 eV for USP and 0.45 eV for PSP used seems to
quite insignificant. Absorption coefficient a51.02
3103 kE ~in units 1/cm!, which is calculated as in Ref. 30
is obtained from transition energyE ~in eV! and optical ex-
tinction coefficientk that is calculated from the dielectri
function.29 The real part of the dielectric function is obtaine
from the Kramers-Kronig relation.

We also performed the Mulliken population analysis f
the structures, which were calculated by using USP. In
analysis Mulliken charges of atoms and bond populations
pairs are calculated in terms of density matrix and over
matrix.34 These are obtained from projections of the on
electron eigenfunctions to the atomic orbitals.

III. ELECTRONIC STRUCTURE OF BULK CASSITERITE

We shall here consider briefly the electronic structure
bulk rutile structure crystal of SnO2 based on our calcula
tions. Contrary to the ionic approximation, valence tinp, s
and alsod occupancies can be significant.6,35 We noticed by
performing the Mulliken population analysis, that the Sn io

TABLE I. Calculated bulk lattice parameters (a andc in Å) of
cassiterite as defined in Fig. 1. PSP and USP refer to the ch
pseudopotentials.

a c u

Experimental~Ref. 28! 4.74 3.19 0.306
PSP 4.75 3.22 0.306
USP 4.70 3.14 0.306
7-2
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BAND STRUCTURE AND OPTICAL PARAMETERS OF . . . PHYSICAL REVIEW B 64 075407
have 1.2 s electrons and 1.1p-electron content. Compare
to the earlier calculations35 including d electrons, it seems
that the small Sn-valenced-electron content is replaced bys
electrons if USP is used. In this respect, the quality of
approximation that ignores this smalld content, may be well
accepted in systems having symmetric atomic environm
Oxygen atoms were respectively composed of 1.9s elec-
trons and 5.0p electrons.

Comparing the width of the upper valence band of
calculated band structure, which is illustrated in Fig. 2, to
experimental result of 7.5 eV,31 a slight overestimation is
noticed. The width of the PSP valence band is 7.9 eV, wh
in the case of USP the width is slightly larger, 8.8 eV. T
obvious reason for the difference between pseudopote
results is the fact that the accuracy of low valence band
improved considerably by the explicit treatment of co
states of PSP pseudopotential. In both cases we find d
band gap in agreement with experiments. The applicatio
the local density type of approximation is known to und
estimate excited state energies. This situation is correcte
using so called scissor operation that simply shifts rigidly

FIG. 2. Band structure of bulk SnO2 calculated by using PSP~a!
and USP~b! pseudopotentials. The path is along the symmetry li
in reciprocal space and allows a direct comparison to earlier ca
lations ~Ref. 8!.
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unoccupied energy levels~by 2.25 eV in the case of USP an
1.92 eV in the case of PSP! to reinstate experimentally
known direct bulk band gap (Eg) of SnO2. We chose the
band gap to beEg53.6 eV,2 although larger value has bee
observed in some cases.36 The same shift to the unoccupie
levels is applied in all of our calculations discussed below

The partial densities of states in terms ofs- andp-angular
momentum projectors for USP is in agreement with ear
interpretations.37 As it is quite typical for metal oxides,4 oxy-
gen 2s contributes strongly to the band below215 eV and
O-2p strongly to the whole upper valence band. The part
the valence band, with energy below25 eV, contains also
little Sn-5s type contribution. The valence band with ener
above25 eV, respectively, is contributed by Sn-5p. In the
conduction band minimum the dispersion is relatively hi
and a first density maximum, of mainly Sn-s type, appears a
about 8 eV. At higher energies the Sn-p type density is more
significant. The band structure of USP agrees satisfacto
with both experimental and more accurate results of P
and we continued to more detailed studies by using ma
this pseudopotential, which is computationally much less
manding.

IV. „110… SURFACES

The ~110! surface of SnO2 is composed of different type
of atoms. At the stoichiometric surface there are fivefold, a
sixfold coordinated bulklike tin atoms, while at the reduc
surface the sixfold coordinated tin atoms are turned to fo
fold coordinated. Qualitatively, both inward and also ou
ward relaxations of surface ions may be expected to be
sociated. The occupancy of surface oxygen ions is expe
to remain almost unchanged. In the case of reduced surf
that includes Sn21 ions, the occupied tin contribution can b
increased, since unoccupied oxygen states have relati
high energy. We suggest that the the Sn21 contribution pre-
sents dangling bond characteristics. In order to study the
faces in more detail, we applied the slab model and de
mined the 2D surface band structure after relaxation.

We shall first make a quantitative consideration of calc
lated surface relaxations. Based on these calculations,
known that at the SnO2 surface, there are some displac
ments of atoms from the bulk positions.4,6,8,10Table II illus-
trates that there is a small variance of these calculated
placements. The relaxations of USP and PSP are v
similar, the former slightly underestimating the degree
relaxations. In Table II, we also present the results of Ran
et al.6 using linear-combination of atomic orbitals metho
~LCAO! and of Goniakowskiet al.7 using optimized norm-
conserving pseudopotential of Linet al.38 ~LP!. Results of
minimal basis set non self-consistent tight-binding metho8

~TB! are also shown, indicating less good applicability
this method to model surface relaxations, if compared to
density functional methods.

The oxygen atoms, with respect to tin atoms in the sa
atomic plane, relax outwards. In the case of the reduced
face this displacement is about 0.3–0.4 Å. Likewise, the
ions marked by C in Fig. 1~b!, relax outwards. In a case o
stoichiometric surface the outward relaxations range fr

s
u-
7-3
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MATTI A. MÄ KI-JASKARI AND TAPIO T. RANTALA PHYSICAL REVIEW B 64 075407
0.2 to 0.3 Å. Our earlier calculations, made by using
similar PSP pseudopotential approach6 are recalculated her
with a different slab model. Due to this and other differenc
such as cutoff energy and number ofk points, the relaxations
of PSP as introduced here differ slightly. By performing
few computational experiments with differently strain
fixed atomic plane, it became evident that the outward d
placements of atoms are also considerably dependent o
strain of the surface layers. These phenomena are also
pected to have some significance in the chemical prope
of tin oxide surfaces.

The PSP, core states are shifted differently in case of
two surfaces, which have a direct influence on surface e
getics. The surface energy of the stoichiometric surfac39

was calculated to be 1.3 J/m2 for USP and 1.1 J/m2 for
PSP. The half of total energy difference between the s
ichiometric and reduced slabs that was reduced by the
energy of a free oxygen molecule, was calculated to be
eV in the case of USP and 2.7 eV in the case of PSP. T
can be used to compare surface stability and to estimate
surface reduction energy.11,40

The whole band structure of the slab model, compare
the corresponding projected bulk band structure, is illustra
in Fig. 3~a! for the stoichiometric surface and in Fig. 3~b! for
the reduced surface. The alignment of the projected b
band structure relative to the surface slab band structur
fixed so that the positions of the valence band minimum aG
point match. The reasoning for this fixing condition is o
tained from a band structure calculation that was perform
for a thicker reduced slab system consisting more bulk
atoms. With an accuracy better than 0.5 eV, the related b
projection area would have been obtained by using
thicker slab system. This is also consistent with investi
tions suggesting that band bending is minimal in t
case.9,12,31In the case of the stoichiometric surface thep-type
electrons of bridging oxygen atoms contribute most sign
cantly new occupied states at the top of the valence ba

TABLE II. Distances and outward relaxations of atoms alo
@110#, from the plane formed by fivefold coordinated surface
atoms@see Fig. 1~b!# ~Ref. 6!. nA corresponds to displacement o
threefold coordinated in-plane oxygen andnC to displacement of
fourfold/sixfold tin, respectively.dB is the distance of the bridging
oxygen from the plane.

Stoichiometric nA dB nC

PSP 0.26 1.42 0.22
USP 0.25 1.39 0.21
LP ~Ref. 7! 0.22 1.46 0.30
LCAO ~Ref. 6! 0.25 1.41 0.20
TB ~Ref. 8! 0.29 1.37 0.10

Reduced

PSP 0.33 0.38
USP 0.30 0.22
LP ~Ref. 7! 0.26 0.41
LCAO ~Ref. 6! 0.40 0.14
TB ~Ref. 8! 0.28 20.05
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which are observed in Fig. 3~a!. In the case of the reduce
surface, occupied band gap states arise more significa
above the bulk valence band maximum as can be see
Fig. 3~b!. This is in agreement with photoemissio
measurements.31,41

In order to study the electronic structure of reduced s
faces in more detail, we calculated their surface band st
ture and electron densities with both USP and PSP. By us
USP, also density of states, Mulliken population analysis a
bond populations were calculated. As shown in Fig. 3~b!,
band gap states are risen considerably~3 eV! above the va-
lence band maximum atG point, and this rise was equiva
lently observed also in the case of PSP surface slab calc
tion. The reason for the dispersion is weak localization10

The density maximum is found at about 2 eV above
valence band maximum atG point. In close agreement, pho
toemission investigations have suggested that filled
states exist at 1.4 eV above the top of the valence ban31

According to the Mulliken population analysis the band g
states of the reduced surface are a mixture of mostly four
tin s andp types, containing also a slight O-p contribution.

FIG. 3. Surface bands of the stoichiometric~a! and reduced~b!
surface slab models calculated by using USP. The shaded re
corresponds to the projected bulk band structure. The first Brillo
zone with high symmetry points is shown.
7-4
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BAND STRUCTURE AND OPTICAL PARAMETERS OF . . . PHYSICAL REVIEW B 64 075407
The bond population analysis indicated for in-plane oxyg
atoms that they are relatively strongly bound to the fivef
coordinated surface tin atoms and that their interaction
Sn21 ions is reduced to be mainly of ionic nature.

The electron density of the reduced surfaces, at the~001!
plane where it is most extended to the vacuum, is show
Fig. 4~a!. The quite uniform charge density at this plane, th
was calculated by using PSP, was very similar in the cas
the stoichiometric surface. When the charge distribution
compared to the calculation made for the reduced surfac
using USP, differing valence electron densities in the vicin
of Sn21 ions is observed as shown in Fig. 4~b!. The differ-
ence may be viewed to be due to the better modelling of
Sn41 ion core of the PSP.

V. CALCULATED OPTICAL PROPERTIES

From the calculated matrix elements of dipole optic
transitions, the complex dielectric function (e5e11 i e2) was
evaluated as a function of transition energy up to 35 eV. T
dielectric functions and absorption coefficient are rep
sented in Figs. 5 and 6. The absorption spectrum of the b
systems shown in Fig. 6 has two significant absorpt
maxima, which may be explained roughly in terms of t
state densities discussed above and the selection rulen l
561) for direct transitions. Transitions at and below ener
values of 10 eV originate from transitions from the upp
valence band~Sn 5p–O 2p type! to Sns conduction band.

FIG. 4. Electron charge density viewed along@001# of the re-
duced surfaces calculated by using PSP~a! and USP~b!. In-plane
oxygen ions~left and right! and Sn21 ion ~at the middle! are shown,
towards which charge increase stepwise, with steps of va
0.34 e/Å 3, starting from the outermost contours of char
0.17 e/Å 3. The distances between Sn21 ion and oxygen ions are
2.08 Å in ~a! and 2.11 Å in~b!, respectively.
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The peak at 16 eV originates from lower valence band~Sn
5s–O 2p) to Sn p conduction band. At higher excitatio
energies transitions also from the O 2s states become pos
sible, which explains absorption above 20 eV. The PSP
culation clearly takes better into account allowed transitio
from these and Sn 4d levels, since as seen in Fig. 2~a!, more
occupied states at valence band below210 eV are accom-
panied. Experimental investigations have suggested30,31 that
at about 32 eV Sn 4d–Sn 5p transitions contribute absorp
tion, which explains the absorption of PSP at these ener
in Fig. 6.

A comparison of the bulk and surface models indica
thate2 anda preserve the same features but are flatter in
case of the surface models. Both surface systems cau
decrease of the absorption edge, due to the surface state
transition energies below 4 eV. Especially, in the case of
reduced surface, a significant feature in thee2 spectrum at
energy below 5 eV is found. In experiments, surfaces c
tribute much less to absorption and this provides one ar
ment supporting the fact that the surface transitions are
sociated to slightly higher transition energies (6 eV)
experiments.30

e

FIG. 5. Dielectric functione1 of bulk and surface systems as
function of excitation energy. The solid lines correspond to
bulk, obtained from calculations with PSP~thick line! and USP
~thin line!. The dashed line illustrates the case of stoichiometric s
and the dash-dot line the reduced slab, respectively.
7-5
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A relevant result of absorption ande2 spectra is that othe
peaks observed in experimental measurements30 could be
found with even better precision. In experiments the tran
tions are associated to the energy values that are indicate
arrows in Fig. 6. As seen from the figure, except for ene
values 17 and 25 eV, the agreement is better than 1
Moreover, in experiments30 the value of the absorption coe
ficient does not exceed 1.4mm21 and it is slightly overes-
timated in our calculations. Thus, the theory that we ha
implemented gives quite satisfactory results, although it
cludes many of the microscopic effects. If instead of unp
larized light, polarization along@001# is assumed, absorptio
is in all our bulk and slab calculations smaller at transiti
energies below 7 eV. The absorption edge is shifted abo
eV to higher energy values. In this respect, agreement w
an other calculation made recently for bulk tin oxide42

is found.

FIG. 6. Absorption coefficientsa for bulk and surface system
as a function of excitation energy. The lines correspond to the o
used in Fig. 5. The arrows mark experimental absorption pe
~Ref. 30!, with P indicating the plasmon related contributions.
s

nd
o,

n,

.J.
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VI. SUMMARY

Tin oxide bulk and two of its~110! surfaces were studied
by utilizing density functional first principles calculation
The ultrasoft pseudopotential seems to predict geometry
electronic structure of bulk and surface systems in agreem
with more accurate calculations performed. After correct
the band gap, also the agreement with experimental resu
good. In the case of the stoichiometric surface, the bridg
oxygens contribute occupied states near the top of the b
valence band. In a case of reduced surface, filled states
pear higher in the band gap, and are associated with we
localized electron density of the fourfold coordinated
Sn21 ions. Both pseudopotentials, in agreement with so
other density functional calculations, predict that these io
relax almost similarly outwards, but the coarse valen
charge density in the vicinity of these ions differs slight
however.

The ultraviolet optical properties calculation based on
calculation of dipole transition matrix elements, allows acc
rate predictions to be made for the absorption and the c
plex dielectric function. The surface contributes to the op
cal spectra by slightly washing out details and shifting t
absorption edge to lower energy~below 4 eV! due to band
gap states. A significant low-energy absorption peak app
close to the absorption edge and it is pronounced in a cas
the reduced surface. The polarization direction of little a
sorption at lowest transition energies in tin oxide was fou
to correspond to@001# direction.
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