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Local band gap modulations in non-stoichiometric V,0; films probed
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Scanning tunneling microscopy and spectroscopy have been used to investigate the electronic structure of
non-stoichiometric V,05 islands with a vanadyl termination grown on Au(111). The spectroscopic measure-
ments reveal the correlation gap of bulk V,05 that varies between 0.2 and 0.75 eV for different sample
preparations. In addition, gap modulations of roughly 0.2 eV are observed at different locations within the
oxide islands. The changes in gap size are attributed to local deviations from the ideal V,0;5 stoichiometry in
films produced at more oxidizing or reducing conditions. By evaluating the position of the Fermi level with
respect to the band edges, a p-type conductance characteristic is dominantly observed for the V,0j5 islands,

indicative of an efficient hole doping of the V 3d band.
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INTRODUCTION

The vanadium oxides form a fascinating class of materials
that exhibit a large variety of structures with different physi-
cal and chemical properties. This diversity makes vanadium
oxides technologically relevant and leads to various applica-
tions, such as in light detectors, write-erase media, electrical
and optical switching devices, as well as in heterogeneous
catalysis."> From the chemical point of view, the versatility
of vanadium oxides is based on the large number of possible
vanadium oxidation states ranging from V** to V>* (VO,
V,03, VO,, and V,05) as well as on the different oxygen
coordination geometries occurring in the crystal structures.
From a physical point of view, vanadia has attracted a lot of
interest because of its rich electronic and magnetic structure
and its phase transitions, in particular, the metal-insulator
transition triggered by changes in temperature, doping level,
and external pressure exerted on the oxide material.?

A particularly interesting example is vanadium sesquiox-
ide (V,03), where the V atoms adapt an oxidation state of
V3* and a 3d® configuration. The oxide exhibits a metal-
insulator transition (MIT) from a paramagnetic metal to an
antiferromagnetic insulator at about 165 K.* At the transition
temperature, the lattice symmetry changes from corundum to
monoclinic, an energy gap opens in the local density of states
(LDOS),? and the electric resistance increases by several or-
ders of magnitude.® Information on the electronic structure of
V,0;5; has been collected by means of photoemission and
x-ray absorption spectroscopy, and revealed a Mott-
Hubbard-type electronic characteristic and a strong hybrid-
ization between the O 2p and V 3d bands. The position of
the O2p valence band was determined to range from
—4 to —10 eV, whereas the V 3d derived conduction band
starts at approximately —3 eV and exceeds the Fermi level.”8
However, the exact electronic structure of this material is
still controversial.

Doping experiments with various cations, such as Ti, Cr,
Fe, Zr, Al, and Mg, demonstrated the possibility of modify-
ing the electronic properties of V,0j5. It has been shown that
the substitution of V by Ti stabilizes the metallic phase,
while the insulating phase is supported by the other
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substitutes.”~!! The stabilization of the metallic phase was
explained by enhanced orbital overlap and band broadening,
caused by the larger spatial extension of the Ti3d orbitals
with respect to the V states.'? Since the orbitals of the other
cations are more contracted, they form localized states in the
V 3d conduction band that favor an insulating character of
V,053. The MIT is also suppressed down to lowest tempera-
tures in non-stoichiometric, hole-doped V,_,O5 if the con-
centration of V vacancies is high enough (5%) to allow over-
lap between neighboring defect levels and formation of a
defect band.'>!* However, these studies did not provide di-
rect insight into the band structure of V,03, as the classifi-
cation of electronic properties was only based on measure-
ments of the electric resistance. The band gap of non-
stoichiometric V,03; below the Mott transition depends
strongly on the exact V to O ratio and was found to vary
between 300 and 600 meV.'>"'® No information on spatial
variations of the V,05 gap size and underlying fluctuations
in the oxide stoichiometry are available so far.

In this study, we combine the unique capabilities of scan-
ning tunneling microscopy (STM) to perform local topo-
graphic and electronic measurements to directly investigate
the electronic structure of non-stoichiometric V,05 islands
on Au(111) below the MIT. We will demonstrate that despite
a perfectly crystalline surface structure, the electronic prop-
erties are not homogeneous within a particular oxide island,
but vary on the length scale of 1 nm.

EXPERIMENTAL PROCEDURE

The experiments were performed with a custom-built, Ei-
gler style, ultrahigh-vacuum STM operated at 5 K.!° The
electronic properties of V,05; were deduced from differential
conductance (dI/dV) spectroscopy, performed with lock-in
technique (bias modulation of 20 mV) and open feedback
loop. The dI/dV spectra provide a measure of the LDOS in
the oxide material. The size of the band gap, as deduced
from the dI/dV spectra, is not corrected for band bending
effects in the tip electric field, which are known to increase
experimental gap sizes with respect to the flatband situation.
Based on the bulk dielectric function and the anticipated de-
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fect concentration in our V,0; films, this gap increase is
estimated to be of the order of 100 meV.?’ Due to the large
error bar in this approximation, we prefer to give the experi-
mental values in the following as an upper limit of the actual
gap size. Conductance imaging was performed to visualize
the spatial distribution of the state density at a given energy.

The Au(111) sample was cleaned by repeated cycles of
Ar" sputtering (800 V and 10 mA) and annealing at 900 K.
The oxide islands were prepared by reactive deposition of 5
ML (monolayer) vanadium onto Au(111) in an oxygen am-
biance of 1X 10~ mbar at 300 K, followed by a short an-
nealing to 600—700 K in ultrahigh vacuum.'>?!->* The depo-
sition rate of V was set to 1 ML/min. The described
procedure results in the formation of hexagonally shaped,
three-dimensional V,05 islands of 3—5 nm height, as re-
vealed by low energy electron diffraction and STM measure-
ments. The surface of vanadia islands is well ordered and
covered with vanadyl (V=0) groups.?>’ In order to vary
the bulk stoichiometry of V,05, we performed more than 15
preparation cycles at different final annealing temperatures
ranging between 600 and 700 K. Annealing to higher tem-
perature hereby leads to the formation of oxygen-deficient
vanadia (vanadium-rich V,05_, phase), while lower anneal-
ing results in oxygen-rich structures with a large amount of
vanadium vacancies (vanadium-poor V,_,0z phase). Previ-
ous experiments on non-stoichiometric Vz;‘,03 demonstrated
a preservation of the metallic phase even at low
temperature.'>!4 We therefore expect a partial closing of the
band gap when preparing the film outside the optimal tem-
perature window to achieve stoichiometric samples.

In this paper, we will concentrate on V,0j5 thin films fab-
ricated close to the optimum preparation conditions and only
mention the trends observed for non-stoichiometric samples.
The oxide composition is estimated from the size of the cor-
relation band gap, determined to be 0.5-0,75 eV in the se-
lected samples. This gap value is compatible with a concen-
tration of V vacancies below 1%, as estimated from the
following facts: (i) V,05 has naturally a small amount of V
vacancies, (ii) the observed energy gap is close to the litera-
ture value of 0.6 eV for stoichiometric V,05, and (iii) va-
cancy concentrations exceeding 5% induce a complete clos-
ing of the band gap in contrast to the experimental findings.
Strongly overannealed vanadia films, on the other hand, ex-
hibit a reduced gap size of 0.2-0.3 eV.

RESULTS AND DISCUSSIONS

Figure 1 shows two STM topographic images of V,03
grown on Au(111). The overview image on the left displays
two hexagonally shaped vanadium oxide islands on the re-
constructed Au(111) surface. The atomic structure of the is-
lands, not discernible in the large-scale scans, becomes Vvis-
ible as a hexagonal pattern with 4.95 A lattice constant in the
image shown on the right. In agreement with earlier studies,
the bright protrusions are attributed to vanadyl (V=0)
groups, forming a (1 X 1) structure on the oxide surface.?>26
The vanadyl termination can be viewed as the O; truncated
bulk structure of V,03, with one V=0 group per unit cell
adsorbed in a threefold hollow site. Density functional theory
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FIG. 1. (Color online) (a) STM image with two V,05 islands on
Au(111). The tunneling parameters are U=1.2 V and /=50 pA. (b)
High resolution STM image of a V,0j island showing the typical
vanadyl termination with some point defects. Tunneling parameters
are U=0.5V and /=50 pA.

(DFT) calculations demonstrated that vanadyl-terminated
V,0; (0001) has the lowest surface free energy and forms at
oxygen chemical potentials that are typically used for vana-
dia preparation in an UHV system.?’ The depressions in the
bright pattern of V=0 groups are interpreted as defects,
produced upon (partial) removal of the vanadyl species.

The surface topography of V,0j5 islands is nearly inde-
pendent of the imaging conditions, e.g., bias voltage, polar-
ity, and current, and always displays the hexagonal V=0
network. Despite this well-ordered surface appearance, the
electronic properties of the oxide film are rather inhomoge-
neous, as demonstrated by conductance imaging performed
for different bias voltages and polarities. Large spatial varia-
tions in the dI/dV signal are discernable in these measure-
ments, which occur at a length scale of about 1 nm and be-
come most pronounced in images taken close to the band
edges. A typical example is displayed in Figs. 2(a)-2(c),
showing a topographic image of a V,0j5 island in combina-
tion with two conductance images taken at 240 and
—240 mV. Variations in the dI/dV signal show up as contrast
modulations, with bright and dark areas corresponding to
high and low LDOS, respectively. The LDOS modulations
reflect small shifts in the band edge positions at both sides of
the correlation gap, as detailed further below. A comparison
between topographic and conductance images in Fig. 2 dem-
onstrates that areas with particularly high or low LDOS are
not correlated with the positions of the V=0 defects, al-
though defects show a certain tendency to gather in regions
with a lower density of unoccupied states (positive sample
bias). This excludes an interpretation of the spatially modu-
lated LDOS as being induced by surface defects, such as
missing V=0 groups. More likely, the conductance varia-
tions originate from the presence of bulk defects located in
the region below the surface.

To investigate the electronic structure in more detail, we
took dI/dV spectra along a line that connects two regions
with different conductance behavior. Figures 2(d) and 2(e)
show matrix representations of such spectral series taken
along the arrows marked in Fig. 2(c). The spectral maps
reveal a band gap of about 0.5 eV in a high-conductance
region, while in regions with low dI/dV signal, the gap size
increases to about 0.75 eV. Thus, gap variations of up to
50% occur on the length scale of 1-2 nm for this particular
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FIG. 2. (Color online) (a) STM topographic image of V,0;
taken at 240 mV and 50 pA. Conductance images of the same re-
gion taken at (b) 240 mV and (c) —240 mV. All images are 5.5
X 5.5 nm? in size. The white arrows in (c) mark the course of the
two spectral series shown in (d) and (e). In this matrix representa-
tion, turquoise color represents vanishing conductance and marks
the correlation band gap, whereas red color corresponds to a high
density of V,0; states. The flat structure of the conduction band
edge is related to the positive set-point bias (500 mV and 100 pA)
chosen for this spectral series, which causes a partial compensation
of local conductance differences already by adjusting the tip height
before spectral acquisition. (f) Two conductance spectra selected
from (d) to visualize the gap size in regions with large (blue line)
and small conductance (violet line). A spectrum taken on an over-
annealed film with strongly reduced gap size is shown for compari-
son (dashed line).

preparation. Figure 2(f) shows two representative spectra
taken above a small-gap or large-gap region, respectively.
The asymmetry of the band edge positions with respect to
zero bias resembles a p-type conductance characteristic for
this particular oxide region, as the Fermi level, fixed by the
Au support, lies closer to the top of the valence band than to
the bottom of the conduction band. Occasionally, also n-type
regions are found on the surface with the Fermi level shifted
toward the conduction band edge, as shown in Fig. 3(a). The
maximum displacement of the Fermi level from the midgap
position reaches =20% of the total gap size.”

Following the literature, a p-type characteristic in V,05 is
the consequence of a finite concentration of V vacancies,
which act as acceptor levels and introduce holes in the va-
lence band. The corresponding local stoichiometry is for-
mally described by Vz_y03.3 The switching to a n-type be-
havior requires the presence of another defect type, which is
assigned to oxygen vacancies here due to their general pres-
ence in transition metal oxides. Oxygen vacancies act as do-
nors in V,05 and introduce electrons into the conduction
band. The observed position of the Fermi level can, there-
fore, be used as a rough indicator for changes in the bulk
stoichiometry of V,0; that decides on the dominance of ei-
ther electrons or holes as majority carriers. Different hole
concentrations in the oxide valence band are also responsible
for changes in the band width and might contribute to the
observed modulations of the gap size.® Due to compensation
effects between acceptor and donor levels and missing infor-
mation on their energy position in the gap, the local electron
or hole concentration in the different oxide regions cannot be
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FIG. 3. (Color online) (a) Four dI/dV spectra taken on a
vanadyl-terminated surface at the positions marked with the dots in
the inset (color coded). The image size is 1.5X 3 nm?. In the green
and orange curves, the Fermi level is slightly shifted toward the
conduction band (n-type characteristic), whereas in the blue and red
curves, it is shifted toward the valence band edge (p-type charac-
teristics). For spectroscopic measurements, the tip was stabilized at
—0.45 V and 100 pA. (b) dI/dV spectra taken at a defect site (violet
line) and above a V=0 group (blue line). STM image is 4.5
X 4.5 nm? in size. For spectroscopic measurements, the tip was
stabilized at 1.4 V and 100 pA. The additional dI/dV intensity
above the V=0 lattice is attributed to a V=0 related electronic
state.

deduced from the dI/dV measurements. However, some gen-
eral aspects shall be discussed in the following that may
account for the shift of the Fermi level out of the midgap
position.

A Fermi level position fixed by the temperature-
dependent concentration of intrinsic V,05 carriers in the va-
lence and conduction band is safely ruled out, as the large
activation barrier for electron-hole excitations across the gap
cannot be overcome at the measuring temperature of 5 K.
Furthermore, intrinsic carriers are usually swamped by
defect-induced ones in transition metal oxides, as very pure
and stoichiometric samples are hard to produce and self-
doping with cation or anion vacancies is extremely efficient.
Also, a defect-induced behavior cannot account for the ob-
served position of Er. By considering only V vacancies in a
simplified model, the associated acceptor levels will be sepa-
rated from the valence band edge by the acceptor activation
energy E,. The trapping of electrons in those centers and the
creation of holes in the valence band are then described by
p~N, exp(-E,/2kT), with N, the concentration of acceptor
centers.!> For strong compensation with donor levels, the
hole concentration changes to p~ N, exp(—E,/kT). In both
cases, the Fermi level is pinned directly at or slightly below
the acceptor level and will, therefore, be located close to the
valence band edge, as observed in many semiconductors and
oxide materials.'?>?° In analogy, a Fermi level pinned near the
conduction band edge is expected if O vacancies would be
the dominant defect type.>” Both scenarios are in disagree-
ment with the experimental observations, suggesting that
self-doping of V,05; is not sufficient to explain the position
of Ef close to gap center.

However, a moderate displacement of E from the midgap
position can be rationalized when taking the influence of the
Au support into account, which acts as an infinite electron
reservoir and enables charge transport into and out of the
oxide islands. In the case of p-like V,0Oj3, the holes in the
valence band are filled with electrons from Au(111), as de-
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FIG. 4. (Color online) (a) STM and (b) corresponding conduc-
tance image taken at 200 mV and 50 pA. Both images are 2.8
X 2.8 nm? in size.

scribed with the formal configuration (Au)®*(V,_,0;)*". To
compensate for the electron transfer, an electric field builds
up between metal and oxide, inducing an upward bending of
the oxide bands in response to the negative charge accumu-
lated in the film. As a result, the Fermi level at the V,0;3
surface shifts from the midgap position toward the valence
band edge. For n-conducting V,03, electrons are transferred
out of the oxide into the gold, leading to a situation described
by (Au)*(V,0;_,)%. The oxide bands will bend downward
and induce a shift of the Fermi level toward the conductance
band edge in this case. A similar mechanism was earlier pro-
posed to rationalize the unoccupied defect states occurring
along line defects in alumina /NiAl(110).>* The V,05 film on
Au(111) is, therefore, another example for the importance of
the metal support in explaining the properties of a thin oxide
film.3!

In addition to bulk defects, also surface defects modify
the local electronic structure of the V,0Oj5 islands. Their in-
fluence becomes apparent when comparing a dI/dV spec-
trum taken above a V=0 group with one recorded above a
vanadyl defect, as displayed in Fig. 3(b). The spectra reveal
an additional dI/dV feature between 0.5 and 1.0 eV that ap-
pears exclusively above the V=O groups. The enhanced
conductance is attributed to the presence of electronic states
connected with the V=0 termination. Vanadium atoms in
V=0 groups have an oxidation state of +5, which is typical
for the V,05 oxide phase and does not occur in bulk V,05. A
higher oxidation state implies a partial emptying of the V 3d
levels and an increase of the state density above the Fermi
level, as observed experimentally. Recent DFT calculations
showed that changes in the unoccupied LDOS mostly affect
the vanadium ,, and e, orbitals in the V=0 adlayer.”’ By
comparing the calculated orbital energies with the experi-
mental dI/dV feature, we suggest that mostly the e, states
contribute to the enhancement of the conductance above
V=0 groups.

Another peculiarity in the local electronic structure
emerges in V,0;5 islands with a high density of missing va-
nadyl groups in the topmost layer (Fig. 4). While all V=0
groups appear with similar contrast in the topographic image

PHYSICAL REVIEW B 77, 125112 (2008)

shown in Fig. 4(a), they exhibit rather different dI/dV sig-
nals in the conductance map in Fig. 4(b). In particular, those
V=0 groups that are in contact with two and more defects
are characterized by a clearly different dI/dV level compared
to their neighbors. As the dI/dV map was taken close to the
onset of the conduction band, slight shifts in the band edge
could introduce large differences in the dI/dV signal. Such
local changes in the edge position might result from pos./
neg. excess charges localized at the surface as well as from
the introduction or removal of electronic states at the band
edge.’> One possible explanation for the deviating behavior
of V=0 groups next to defect sites assumes that defects are
not produced by a complete removal but by dissociation of
the V=O group. The chemically unsaturated V atom re-
maining on the surface could then transfer charge to a neigh-
boring V=0 group, changing the oxidation state of its V
ion. Oxygen detachment from the surface vanadyls is com-
patible with the fact that reduction of a V=0 terminated
surface via electron bombardment results in a V-terminated
layer.?®33 In a second model, the modified LDOS of isolated
V=0 groups might be induced by adsorbates. The most
likely candidate is a H atom from the rest gas, given the high
affinity of the vanadyl-terminated surface to form OH
groups.** As V=0 groups in direct contact with defects are
more reactive than those inside a perfect layer, H adsorption
will preferentially take place at those surface sites. The latter
scenario is backed by the fact that modified vanadyls with
unusual dI/dV signature sometimes hop to neighboring sites,
as expected for the diffusive motion of an adsorbate. Both
models would account for the observed contrast enhance-
ment of V=0 groups in direct contact to a defect. However,
a discrimination exclusively on the basis of the STM
measurements is not possible.

CONCLUSIONS

The electronic structure of non-stoichiometric vanadium
sesquioxide on Au(l11) has been investigated by scanning
tunneling microscopy and spectroscopy. The oxide islands
are characterized by a pronounced band gap around the
Fermi level that is assigned to the correlation gap of V,0,
below the Mott transition. The gap size as well as the Fermi
level position within the gap exhibit large spatial variations
within the V,05 thin films. This inhomogeneity in the elec-
tronic structure is assigned to local deviations from the ideal
oxide stoichiometry, causing fluctuations in the concentration
of holes and excess electrons in valence and conduction
bands, respectively. The position of the Fermi level in the
gap is additionally modified by charge exchange with the
Au(111) support. The ability of the V,0; to stabilize differ-
ent stoichiometries on a nanometer length scale might be
related to the high catalytic activity of this particular oxide
material.
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