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Structures of the 4Ã1 and 1Ã2 reconstructions of SnO2„110…
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Scanning tunneling microscopy~STM! and noncontact atomic-force microscopy~AFM! have been used to
investigate the 431 and 132 reconstructions of SnO2~110!. These terminations were prepared by sequential
annealing in UHV at temperatures of 900 and 1075 K, respectively. Two coexisting 431 structures are
observed with STM, one of which is consistent with previously reported STM images, the other appearing to
arise from a SnO~101! overlayer. For the 132 phase, a combination of STM and noncontact AFM images
point to an added-row morphology.
ri
an
ci
o

rte

.
en

ti
-

1

c

pr
n

e
x
ex
t-
m
he
e

i
r
t

l
f a

os-

to

lier

uc-

ture

ode
ten
re-
du-
een

ea-
ft
on

The

re-

ng
fo-

-
less
ed

nly

-
ture
Tin ~IV ! oxide is a wide band-gap~3.6 eV!, n-type semi-
conductor with the rutile structure. It is used in a wide va
ety of technologies, including gas sensors, solar cells,
oxidation catalysts. In these applications oxygen vacan
play a pivotal role. There have been a number
experimental1–11 and theoretical12–15 studies of SnO2~110!.
Three readily prepared reconstructions have been repo
which have 431, 131, and 132 surface periodicity.1,2,9

These are in addition to the stoichiometric 131 termination
that can be formed at high partial pressures of oxygen1,11

The reduced surface phases can be prepared by sequ
annealing in UHV at 900, 950 and 1075 K, respectively.2

There is strong evidence to suggest that the SnO2~110!
surface phase transitions are controlled by the concentra
of surface oxygen vacancies.1 SnO2 surface composition ra
tios derived by x-ray photoelectron spectroscopy2 show a
straightforward increase in the intensity ratio between Os
and Sn 3d peaks as the structure evolves from 431 through
131 to 132, consistent with an earlier Auger electron spe
troscopy ~AES! study.1 The simplest model for this 131
surface has all the bridging oxygens missing.1,2 The 132
reconstruction has a higher O:Sn ratio than the bare 131
structure mentioned above and it has, therefore, been
posed that this surface possesses extra bridging oxyge
oms in alternate rows2 similar to that initially proposed for
TiO2~110!132.16

The simplest interpretation of the 431 structure involves
the removal of every fourth row of in-plane O ions. Th
difficulty of explaining the stability of this structure led Co
et al.1 to suggest an alternative model consisting of an
panded SnO~101! overlayer which forms a coincidence la
tice. An expansion of about 10% in the SnO lattice para
eters is required for the two lattices to coincide in t
substrate@11̄0# direction and for the lattice parameter to b
4
3 that of the substrate in the@001# direction. This structure
would account for a 431 low-energy electron diffraction
~LEED! pattern. Previously reported scanning tunneling m
croscopy~STM! images9 are inconsistent with this overlaye
model since there is no evidence of a repeat distance in
@001# direction corresponding to43 of the substrate unit-cel
vector. Instead, the STM data were explained in terms o
ordered arrangement of in-plane oxygen vacancies.
PRB 620163-1829/2000/62~12!/7775~4!/$15.00
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Here we use STM and noncontact atomic-force micr
copy ~NC-AFM! to investigate the structure of SnO2~110!
reconstructions. While STM has previously been used
evaluate the structure of a number of oxide surfaces17 earlier
work with NC-AFM is limited to surfaces of TiO2.

18–20Our
results for SnO2~110! indicate the coexistence of two 431
terminations. One termination is that observed in the ear
work,9 while the second is consistent with the SnO~101!
overlayer model.1 For the 132 phase, STM and NC-AFM
together provide evidence for a similar added-row type str
ture to that proposed for TiO2~110!132.21

All measurements were recorded with a room-tempera
ultrahigh vacuum~UHV! STM/AFM instrument~Omicron
GmbH! operating at a base pressure of<10210mbar. The
STM images were acquired in the constant current m
with the sample positively biased with respect to the tungs
tip. In the NC-AFM mode the feedback source was the f
quency shift of the cantilever resonance. A frequency mo
lation detector measures the frequency difference betw
the cantilever and a reference oscillator.22 A NC-AFM topo-
graphic image of the sample surface was recorded by m
suring thez position of the tip with constant frequency shi
feedback. For the NC-AFM experiment, a conducting silic
cantilever~Nanosensor GmbH! with 10 Nm21 force constant
and a resonance frequency of 270–300 kHz was used.
frequency shift used was about2100 Hz. The cantilevers
were cleanedin situ by Ar-ion bombardment. Vertical and
horizontal distances were calibrated using atomically
solved images of Si~111!737.

The sample was cleanedin situ by cycles of 0.5 keV Ar1

bombardment followed by annealing in UHV. The anneali
temperature was measured using an infrared pyrometer
cused on the sample plate, since SnO2 is transparent. Clean
ing cycles were repeated until contaminant levels were
than 1% ML as judged by AES. Annealing to 450 K result
in a diffuse 131 LEED pattern. A faintc(232) pattern was
seen on annealing the sample to 500–550 K. Thec(232)
pattern was removed after annealing to 900 K to leave o
the 431 structure. After annealing to 1000 K, a 131 LEED
pattern was observed leading to a 132 pattern after anneal
ing to 1075 K. These observations and anneal tempera
regimes are similar to those reported by earlier workers1,2,9

except that ac(232) pattern associated with the 431 pat-
R7775 ©2000 The American Physical Society
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tern was not observed by Joneset al.9 and Shenet al.2

Figure 1 shows a large area STM image of the sam
surface which exhibited a 431 LEED pattern. Two types o
terrace are imaged, both of which have 431 periodicity.
Terracea covers the majority of the surface whereas on
small areas of the upper terraceb were imaged. Figure 2
shows the area in the lower right of Fig. 1 in more deta
Areas of terraceb lie about 1.8 Å above terracea. Unit cells
on each terrace have dimensions 1336.5 Å2 in line with the
12.836.7 Å2 expected for the 431 unit cell. On terracea

FIG. 1. 300 Å3300 ÅSTM image ~11 V, 1.0 nA! of
SnO2(110)431. a andb denote the two types of 431 reconstruc-
tion.

FIG. 2. 78388 Å2STM image taken from Fig. 1, showing th
SnO2(110)431 phase previously identified~on the left! and that
consisting of a SnO~101! overlayer. The two 431 unit cells and the
smallest repeat unit for the SnO~101! overlayer are indicated. Line
are drawn to highlight the registry between the two 431 surfaces.
le

.

the unit cell has dark areas in the four corners with anot
dark area at the center. This part of the image is consis
with those images of the 431 surface previously published
which were interpreted in terms of an ordered arrangem
of in-plane O vacancies.9 In contrast to earlier work, no sig
nificant difference was found between images obtained
sample bias of 1 and 1.5 V. In the earlier work addition
structure was observed in their images at 1 V bias. On occa-
sion we did observe similar features, but it appeared to
incide with a ‘‘tip change.’’ Such tip changes, which pro
ably occur by the tip picking up an adsorbate atom
molecule, can strongly affect STM images of metal oxides23

We speculate that such a tip change may have been o
sioned by the change of bias voltage in the earlier work.

The image of terraceb contains features which hav
atomic dimensions. Although it has 431 periodicity, there is
a smaller surface unit cell, marked on the image in Fig.
which has the dimensions;43;6.5 Å2. This unit cell pos-
sesses a bright feature in each corner and one bright fea
in the center. The unit-cell dimensions do not correspo
with the SnO2~110!131 surface unit-cell dimensions of 3.
36.7 Å2. However, they are consistent with the repeat u
of a Sn containing termination of SnO~101! expanded from
3.8036.15 Å2 to give a coincidence lattice having substra
431 periodicity, with three overlayer unit cells of 4.
36.7 Å2 in the 431 unit cell. Implicit in this assignment is
the assumption that the features in the STM image arise f
Sn atoms. This is justified on the grounds that the images
accumulated by tunneling into conduction-band states, wh
have mainly Sn orbitals as a basis. The relationship betw
the overlayer and substrate lattices, which was suggeste
Cox et al.,1 is shown schematically in Fig. 3.

Turning to the registry of the SnO overlayer with terra
a, the lines drawn in Fig. 2 indicate that every fourth@11̄0#
direction row of Sn atoms in the SnO overlayer are in reg
try with the center of the bright@11̄0# direction rows of the
431 reconstruction on terracea. Similarly, in the@001# di-
rection, alternate rows of Sn atoms in the SnO~101! over-
layer are in registry with every other row of oxygen vaca

FIG. 3. Schematic representation of the Sn sublattice of~a!
SnO2(110), ~b! SnO~101! expanded by about 10% to form a coin
cidence lattice with SnO2(110).
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cies in the 431 reconstruction on terracea. However,
superimposing the two lattices with the above registry
veals no obvious coordination between the layers, perh
suggesting that the SnO~101! overlayer does not grow on to
of the SnO2~110!431 surface.

At the anneal temperature of 950 K a 131 LEED pattern
is observed, although we were only able to image feature
terraces with STM. This may arise from disorder. Furth
annealing to 1075 K gives rise to a 132 LEED pattern.
Figure 4~a! shows a STM image of the 132 structure in
which rows 13 Å apart are observed, consistent with th
32 unit cell dimension along@11̄0# ~13.4 Å!. Again assum-

FIG. 4. ~a! 1503150 Å2 STM image ~11.3 V, 0.8 nA! of
SnO2(110)132,, in which the contrast has been adjusted to vi
the lower lying@00# direction rows.~b! Top and side views of the
added row model proposed for SnO2(110)132 on the basis of the
STM image. Small circles represent Sn atoms, while large cir
represent O atoms.
-
ps

ss
r
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ing that Sn atoms are imaged, the 132 images are consisten
with an added-row-type model similar to that already su
gested for TiO2~110!132. 21 A model of one type of added
row structure is shown in Fig. 4~b!. It consists of added rows
along the@001# direction, in which the termination is of a
completely reduced 131 surface. Since atomic productio
was not obtained, we cannot provide a definite structu
model. However, an alternative, Ti2O3-added-row model
proposed for TiO2~110!132 ~Ref. 24! seems unlikely to be
adopted by SnO2~110!, since tin does not form a sesquiox
ide. The NC-AFM results shown in Fig. 5 support an adde
row model for the 132 reconstruction since the images co
tain bright rows 8.5 Å wide and separated by 13 Å. On t
basis that NC-AFM is less sensitive to local electronic str
ture effects than STM, in the added-row model we wou
expect all atoms in the added-131 segments to be imaged a
bright features. These should be separated by narrow
strips representing the underlying 131 plane. In the case o
the 132 missing row model only the bridging oxygen atom
would appear bright, giving rise to narrow bright rows sep
rated by broad dark strips.

In our STM images of SnO2~110!132 ~Fig. 4!, the under-
lying 131 rows can be seen clearly between the 132 strips,
which is not the case with STM images of TiO2~110!132.21

An explanation for this difference lies in the composition
the conduction band, for SnO2 being largely Sn 5s and 5p
states. These orbitals could have greater overlap with tip
bitals than Ti 3d, which forms the basis of the lower con
duction band of TiO2.

15 As with TiO2~110!132,25,26 cross-
links are seen between the rows which can be explained
the addition of Sn and O atoms in the troughs between
added rows.

In summary, we have imaged the 431 and 132 recon-
structions of SnO2~110! with STM. In addition, we have im-
aged the 132 reconstruction with NC-AFM. A new 431
phase is identified which appears to arise from a SnO~101!
coincidence lattice. The 132 phase resembles the added ro
structure previously observed for TiO2~110!132.

We would like to thank Dr. Jaime Oviedo-Lopez for us
ful discussions and Professor R. Helbig for the SnO2 samples
used in this work. This work was funded by the EPSR
~UK! and the EU through a Brite-Euram Project.
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FIG. 5. 3003130 Å2NC-AFM image of SnO2(110)132.
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