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Abstract
The influence of metal–oxide interactions on the workfunction and band alignment in thin
oxide films is investigated for silica mono- and bilayers grown on Mo(112) and Ru(0001)
supports. By analyzing the position of field-emission resonances and the Kelvin-probe signal
deduced from conductance and force spectroscopy, we have identified a substantial lowering
of the workfunction in the monolayer films, with the oxide bands shifting accordingly. We
explain this observation with a stronger coupling and a shorter binding length of the silica
monolayer to the metal substrate, which removes the effect of electron spill-out, produces a
positive interface dipole and reduces the workfunction of the system. In contrast, the van der
Waals bound bilayer film interacts only weakly with the Ru support, conserving the effect of
electron spill-out and keeping the workfunction high. Direct evidence for the relevance of
interface interactions comes from experiments on buckled silica films, for which regular
workfunction modulations are revealed that follow the topographic height of the film above
the metal surface.
(Some figures may appear in colour only in the online journal)

1. Introduction

metal–oxide interfaces, such as low workfunction electron
emitters [9], dielectric layers for optical devices and thin films
for corrosion protection [10]. The most relevant applications
lie, however, in the field of supported metal catalysts, where
not the metal particles themselves but thin oxide films that
spontaneously grow at reaction conditions are considered to
be the catalytically active phase [11, 12].
There are many possible coupling regimes occurring
at metal–oxide interfaces. The strongest one is direct
hybridization between metal and oxide states across the
interface, as revealed, for example, for thin alumina
films on NiAl(110), where the interface oxide plane is
already part of the original metal surface [13]. In most
cases, however, interface interactions are weak as direct
hybridization across the interface is inhibited by the large
bandgap and the chemically saturated nature of the oxide
ions. In those cases, electrostatic interactions mediate the
interface coupling, such as polarization and charge transfer

Thin oxide films on metal supports have been widely used
as model systems for the respective bulk oxides that would
be difficult to investigate via conventional surface-science
techniques otherwise due to their insulating nature [1–3].
However, thin oxide films are fascinating systems in their
own right, as they exhibit unique properties that can neither
be found on metals nor on oxide surfaces, but reflect the
genuine mixture of both characteristics [4, 5]. Moreover, the
preparation of crystalline oxide layers on metal substrates is a
powerful approach to study the nature of interface interactions
between both kinds of materials [6, 7]. Finally, once the nature
of interface coupling has been elucidated, new possibilities for
tailoring the physical and chemical properties of metal–oxide
systems may be accessible, resulting in novel materials with
unexpected functionalities [8]. Already today, a large number
of applications are based on specific effects occurring at
0953-8984/12/354010+07$33.00
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3. Results and discussion

effects [14–17]. A dominance of Coulomb-type interactions
has been identified for many rocksalt-type oxides on noble
metal supports, e.g. for MgO on Ag(111) and Pd(100) and
for FeO on Pt(111) [18]. The most relevant fingerprint of
electrostatic interactions is a change in the workfunction of
the metal–oxide systems due to the development of interface
dipoles [16, 19, 20]. In fact, those workfunction changes
are also in the center of many applications discussed before,
as they enable an electron exchange across the metal–oxide
interface that may constitute the initial step for a catalytic
reaction [21].
In this study, we have investigated the interface properties
between different silica films and either Mo(112) or Ru(0001)
supports. Using scanning tunneling microscopy (STM) and
atomic force microscopy (AFM), we have analyzed the
potential situation at the interface and the presence of interface
dipoles. Surprisingly, we found that chemically similar
silica mono- and bilayer structures may exhibit pronounced
differences in the nature of their interface, giving rise to
different workfunctions and band alignments. We ascribe
these effects to the interplay of various interface dipoles that
develop as a consequence of the metal–oxide interactions.

STM topographic images of the different silica films are
displayed in figures 1(a)–(c). Evidently, all three films have
a porous structure, i.e. they contain nanometer-sized holes
reaching down to the metal support. Whereas in the Mo-ML
and Ru-ML, the pores form a long-range-ordered hexagonal
pattern of 5.5 Å periodicity, pores of different sizes and
without spatial regularity appear in the Ru-BL. However,
the fundamental building blocks, being SiO4 tetrahedra, are
identical in all three cases. According to density functional
(DFT) calculations, six SiO4 units combine into a hexagonal
ring in the two monolayer films [25], while four- to
nine-membered rings are found in the amorphous Ru-BL [27].
The driving force for the formation of either crystalline or
amorphous silica is the different amounts of interface coupling
in the mono- and bilayer case (figures 1(d)–(f)). In the silica
monolayers, one O ion of each SiO4 tetrahedron binds to the
metal surface and enforces the development of an interfacial
registry. In the Ru-BL, on the other hand, two sheets of SiO4
tetrahedra are interconnected via O ions and no chemical
bond is formed to the metal beneath. Already small deviations
from thermodynamic equilibrium are thus sufficient to perturb
the crystallization process, explaining the large tendency
of the Ru-BL to develop an amorphous structure. As a
consequence of the different interface interactions, the mean
distance between the metal surface and the oxide film differs
substantially in the mono- and bilayer case. Whereas the first
O plane lies only 1.4 Å above the last layer of Mo atoms in the
Mo-ML (corresponding to a Mo–O bond length of 2.0 Å) [25],
this value increases to 1.8 Å in the Ru-ML system and to
3.8 Å for the Ru-BL [35]. The enlargement of the interface
distance when going from mono- to bilayer films also marks
the transition between chemically and van der Waals coupled
systems.

2. Experimental details
The experiments were carried out in two ultrahighvacuum scanning probe systems operated at liquid helium
temperature. While the first one is a tunneling microscope,
the second combines tunneling and atomic force capabilities
as the sensor is made of a quartz tuning fork with a metal tip
attached to one prong [22]. By this means, electronic and force
signals can be detected simultaneously, providing topographic
and electrostatic information within one experiment. Insight
into the electronic structure of the sample was obtained
with conductance spectroscopy performed with a lock-in
technique [23]. The workfunction was measured by a
variation of the Kelvin probe technique, performed with the
oscillating metal tip at the tuning fork sensor [24].
The three silica films discussed in this paper have been
grown on two different substrates, using slightly different
preparation procedures. The first one, referred to as Mo-ML
for a Mo-supported monolayer, has been grown by dosing
1.4 ML Si onto an oxygen pre-covered Mo(112) surface in 2×
10−7 mbar O2 at room temperature [25]. Crystallization of the
film was achieved by vacuum annealing to 1200 K, producing
a sharp (2 × 2) pattern in low-energy electron diffraction
(LEED). The other two films were grown on a Ru(0001)
support, cleaned via Ar+ sputtering and annealing to 1600 K.
Silicon was deposited in 2 × 10−7 mbar O2 at 570 K, followed
by an annealing step to 1170 K in 2 × 10−6 mbar oxygen.
Depending on the initial Si load and the cooling speed after
the final heating, either a crystalline monolayer [26] or an
amorphous bilayer film [27] was produced. Whereas a sharp
(2×2) LEED pattern was observed in the first case, only a ring
feature appeared in the latter, indicating rotational disorder of
the Si–O units in the silica bilayer.

3.1. Field-emission resonance spectroscopy
The different binding geometries of the three films give
rise to changes in their electronic structure and in the
potential course across the metal–oxide interface that can be
accessed by means of conductance [28] and Kelvin probe
spectroscopy [29]. In the STM mode, the workfunction is
deduced indirectly from the energy position of field-emission
resonances (FERs) that develop in the tip–sample contact at
high bias (figure 2(a)) [30]. In simple terms, the FERs can
be considered as eigenstates in a triangular quasi-potential
delimited by the sample surface and the down-sloping vacuum
barrier (figure 2(b)). Electrons that enter this classically
allowed region produce standing waves, if multiples of
their half-wavelength match the distance between the two
boundaries. In this case, incident and reflected waves interfere
constructively, resulting in quasi-bound electronic states
with high transmissibility for electrons. The bottom of the
quasi-potential is given by the sample workfunction and the
position of the FERs may thus be used to probe this quantity at
a local scale [28, 29]. A downshift of the FER energies thereby
indicates a decline of the workfunction and already the
2
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Figure 1. STM topographic images (20 × 40 Å ) and corresponding structure models of the three silica films discussed in this paper:
((a), (d)) Mo-ML, ((b), (e)) Ru-ML and ((c), (f)) Ru-BL.

and Ru(0001) now have 8 values that are 1.0 and 1.8 eV
lower than the Ru reference, respectively, while the bilayer
has a similar workfunction. However, the fitting procedure is
not very accurate due to the small number of FERs in the
accessible bias window of 1–10 V. In particular, absolute 8
values are often too low, while relative changes are reproduced
rather well [28].

position of the first resonance gives an insight into qualitative
trends. A quantitative approximation might be obtained from
fitting the higher resonance energies En as a function of their
peak order n according to: En = 8 + cn2/3 , with 8 being the
workfunction and c a proportionality factor [31]. We note that
the first resonance is typically discarded from the fitting, as its
position is not only governed by the nature of the triangular
potential but also by image-potential interactions between the
electrons and the surface.
A series of FER spectra taken on the three silica films as
well as on the bare and oxygen-covered Ru(0001) is shown in
figure 2. All spectra have been acquired in the constant-current
mode with enabled feedback loop, and each maximum marks
a FER in the tip–sample gap. Evidently, the bias position
of the first and higher resonances varies substantially for
the different samples (figure 2(c)). On the bare metal, the
FERs start at around 5.5 V but shift to 6.4 V upon oxygen
exposure [32]. A similar behavior is found for bare Mo(112),
only that the onset of the FERs is systematically downshifted
by 1.0 V (not shown). With a monolayer film on top, the onset
of the FERs moves to 4.3 and 4.65 V for the Mo and Ru
support, respectively. For the Ru-BL, finally, the FERs shift
up again and are now detected above 5.5 V as for the clean
Ru. Apparently, the monolayer silica films have the lowest
FERs, and hence the lowest workfunction, while the bilayer
and O-covered surfaces feature high 8 values. The picture
changes slightly when the higher resonances are included in
the workfunction analysis. The monolayer films on Mo(112)

3.2. Kelvin-probe spectroscopy
This technique was applied for workfunction measurements
on the Ru-supported silica films, because only this sample
system has been investigated with the combined STM–AFM
set-up. The following procedure was used to extract relative
8 values from the experimental data. The tip and sample
were contacted via the electronics to align their Fermi levels,
which causes an electric field to occur between the tip
and sample. The associated electrostatic force shifts the
resonance frequency of our tuning-force sensor to lower
values, as determined by fitting the frequency versus bias
curves with a parabolic function. The bias difference of the
frequency maxima in spectra taken for the Ru-ML and Ru-BL
now corresponds to the shift in the electrostatic potential
between the two situations (figure 3). As contact potential
measurements depend on the local tip geometries, we have
acquired all data with one and the same microscopic tip
configuration. The so-determined contact potentials amount
to 1.40 and 1.47 eV for the Ru-ML and Ru-BL, respectively
3
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Figure 3. Frequency shift versus bias spectroscopy on Ru-ML
(bright) and Ru-BL (dark) films. The curves were fitted with a
parabola to determine the contact potentials. The resulting values
are depicted in the inset, while the error bars represent the standard
deviation determined from multiple experiments.
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Figure 2. (a) STM conductance spectra taken in the region of the
field-emission resonances (FERs) for different silica thin films as
well as for Ru and Ru–O. (b) Potential diagram of the STM junction
explaining the formation of the FERs at high bias. (c) Position of the
first FER that gives a rough measure of the sample workfunction on
the different surfaces.

(figure 3, inset). Consequently, Kelvin-probe spectroscopy
confirms the higher workfunction of the silica bilayer,
although the shift is much smaller than in the FER data.
We explain this relatively small shift with the limited spatial
resolution of the Kelvin-probe method that leads to an
interference of ML and BL signals as both regions coexist on
the surface.

Figure 4. STM conductance spectra taken in the region of the
valence and conduction band onsets of Mo-ML and Ru-BL films.
The solid lines mark the original data, while the dashed lines have
been obtained after subtracting an exponential background that
accounts for the exponentially decreasing tunnel barrier at high bias.

two bandgaps are therefore smaller than the silica bulk gap of
8.7 eV, reflecting the reduced dimensionality of the thin films.
We further note a considerable up-shift of the band edges
when going from mono- to bilayer films, indicating again
a higher vacuum energy and a higher workfunction for the
Ru-BL. No band positions could be detected for the Ru-ML,
as oxide-related changes in the conductance signal were too
small to be distinguished from tunneling processes into the
Ru metal.
In summary, the different STM and AFM-based methods
provided consistent spectroscopic evidence for a lower
workfunction in monolayer than in bilayer silica films grown
on Mo and Ru substrates. We will rationalize this behavior in
the following paragraphs.

3.3. Band edge spectroscopy
In a last approach, we have determined the band positions
in mono- and bilayer films in order to analyze the
potential situation at the metal–oxide interface. As bands in
weakly-coupled oxide films adjust themselves to the vacuum
energy, changes in this quantity cause the band positions
to shift against the metal Fermi level. The onsets for the
valence (VB) and conduction band (CB) have been probed
with STM conductance spectroscopy, where they produce
small shoulders in the exponential increase of the conductance
signal. After subtracting this background, the onset position
can be determined with good accuracy (figure 4). For the
Mo-ML, the VB and CB onsets have been determined with
−3.9 and +2.8 V, respectively, yielding a total bandgap of
6.7 V. For the Ru-BL, the bands shift to VB = −2.7 V and
CB = +3.8 V and the total gap becomes slightly smaller. The

3.4. Discussion
The potential course at metal–oxide interfaces arises from
the interplay of three coupled electrostatic dipoles [16, 19].
4
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The first one, pfilm , reflects the charge distribution inside
the isolated oxide film, i.e. without metal support. In the
monolayer silica films, it points with its positive end to the
vacuum, as positive and negative charge centers are located in
the surface and interface plane, respectively. The bilayer film,
on the other hand, is perfectly dipole-compensated and pfilm
equals zero. The second dipole, pinter , comes into play when
placing the film onto a metal support and allowing electrons
to flow across the interface. The direction and amount of
this charge exchange is governed by the electron affinities of
the silica films in our case, as Mo and Ru have comparable
affinity values. The monolayer films share four O ions per
(2 × 2) unit cell with the support, which attract electrons
from the metal into their O 2p orbitals. The bilayer film,
on the other hand, is chemically saturated and no substantial
electron transfer is expected. Finally, the third dipole, pcomp ,
describes the alteration of the surface dipole that is inherently
present on each metal due to spill-out of its electrons into a
near-vacuum region. The oxide film compresses this dipole by
exerting Pauli repulsion onto the surface electrons, an effect
that always lowers the workfunction. We note that all three
dipoles mutually influence each other. For example, a strong
interface pinter increases the rumpling of the film pfilm in order
to balance the two contributions [19].
Based on these considerations, the workfunction effects
induced by the different silica films may be explained. On
bare metals, the workfunction is governed by the electron
spill-out that is more pronounced on close-packed than on
highly corrugated and open surfaces, as is evident from
the different 8 values of Ru(0001) (5.5 eV) and Mo(112)
(4.5 eV) [33]. Producing an oxygen ad-layer causes the
workfunction to rise, as the electronegative nature of oxygen
reinforces the effect of electron spill-out at the metal surface.
Conversely, the compression effect becomes dominant once
a silica monolayer is grown on the metal surface and the
workfunction declines again. The trend is largest for the
Ru-ML where 8 drops by more than 1.0 eV with respect
to bare Ru. On the Mo-ML, 8 reduces only by 0.2 eV, as
the impact of pcomp is balanced by a larger interface dipole,
resulting from a substantial electron flow into the interface
O ions of the film. The deviation from the Ru-supported
film is explained by the high oxygen affinity and the larger
heat of oxidation of Mo compared to Ru [34]. Finally,
the workfunction turns back to the free-metal value when
transforming a mono- into a bilayer film, because of two
reasons. First, the nature of the interface interaction changes
from chemical to van der Waals-like, which suppresses any
charge transfer and cancels the impact of pinter . Second, the
interface distance increases substantially in the bilayer case,
providing sufficient space for the electron spill-out to take
place again (pcomp → 0). The similar 8 values for bare and
silica-covered Ru are therefore not unexpected but reflect
the chemically decoupled and electrostatically compensated
nature of the bilayer film. We note that one factor has been
excluded from our discussion so far, which is the possibility to
stabilize extra oxygen at the metal–silica interfaces. As shown
in a recent electron spectroscopy work [35], oxygen-poor and
oxygen-rich interfaces can be produced for both the Mo-ML

and Ru-BL systems. The extra O atoms attract more electrons
from the metal surface, increasing pinter and therewith the
workfunction. The upper limit for this 8 shift is reached at
the 3O (2 × 2) saturation coverage of oxygen at the interface,
when a further 8 increase by around 1.0 eV is revealed with
respect to the O-poor situation [35]. As we were unable to
probe the extra oxygen in our study, we have not investigated
this effect in detail.
3.5. Workfunction modulations across oxide films
The mutual interplay of the interface dipoles becomes not
only evident for different oxide films, but can be probed for
one, yet structurally inhomogeneous, layer, as discussed in
this section. Such samples can be produced by annealing
a Mo-ML to temperatures just below sublimation (1300 K)
when certain oxide regions start to be lifted from the
metal support. Respective STM images show a buckled
morphology, in which high- and low-lying silica patches
alternate in a regular fashion (figure 5). The crests of the
resulting wavy pattern always align with a h3̄11i direction of
Mo(112), i.e. with a diagonal of the silica unit-cells. Which
of the two possible directions is adopted is decided by the
orientation of nearby step edges. The lateral distance between
two neighboring crests amounts to 40 Å, while the height
modulation is as small as 0.3 Å (figure 5(b)). We assign
the crests of the wavy pattern to oxide regions that have
partly detached from the metal surface and therefore exhibit
a reduced interface interaction. The driving force for the
buckling is the misfit strain induced by a 8% smaller Mo(112)
lattice constant with respect to the one of bulk silica. The
periodicity and orientation of the pattern may be explained
by assuming that ten silica rings overgrow two extra Mo(112)
unit cells along a h3̄11i direction as compared to the epitaxial
situation. This provides roughly 9% more space for each silica
ring and effectively removes the misfit strain. However, the
buckling brings about that only the low-lying film regions can
realize their preferred interface registry, while the upper ones
have an incommensurate relationship with the Mo surface.
Although the vertical displacements in buckled Mo-ML
films are tiny (0.3 Å), the impact on the electronic structure is
immense, as shown with conductance images measured as a
function of the bias voltage (figures 5(c)–(h)). At low bias, the
maps are featureless because the electrons tunnel through the
silica bandgap. However, a pronounced contrast that follows
the wavy pattern in the topography appears once the onset
of the oxide conduction band is reached at 2.8 V. Whereas
the low-lying patches turn bright at this condition, the upper
ones retain their original small dI/dV intensity. Apparently,
the tip electrons reach the oxide CB and therewith a high state
density for tunneling in the low-lying parts of the film, but
still have to pass the full bandgap in the elevated regions. This
observation perfectly matches the concept developed before.
At small interface distances, the electron spill-out from the
Mo metal is suppressed and pcomp is positive, leading to a
workfunction decline and a downshift of the oxide bands.
Consequently, the CB edge is already reached at 2.8 V and the
low-lying oxide regions appear bright in the dI/dV maps. In
5
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Figure 5. Morphology (a) and conductance maps ((c)–(h)) of a Mo-ML film that has been annealed to 1300 K to stimulate buckling
2
(300 × 300 Å ). Dark (blue) and red (bright) colors denote low and high dI/dV signals in the conductance maps. A particularly strong
contrast is revealed at the conduction band onset (2.8 V) and at the position of the first FER (4.3 V). (b) Height profile taken along the
dotted line in (a).

contrast, electron spill-out becomes possible on the elevated
regions of the film and workfunction and band positions shift
upward. The latter effect explains the reduced dI/dV contrast
of the high-lying areas in maps taken close to the CB onset at
2.8 V. At higher bias, the contrast between low- and high-lying
silica patches reverses, which is, however, a pure geometric
and not an electronic effect. The dI/dV contrast above 4.0 V
is governed by the FERs, which are reached first above the
elevated parts of the Mo-ML, where the tip–metal distance
is larger and the triangular potential that accommodates the
FERs is wider. A wider potential now causes the FER levels
to shift down in energy, explaining why the FER-mediated
contrast enhancement affects the elevated oxide regions first.
The contrast modulations revealed in the dI/dV maps of
buckled Mo-ML films have therefore the same origin as the
workfunction shift between mono- and bilayer films. With
increasing interface distance, the effect of electron spill-out
becomes dominant which leads to an up-shift of both the
workfunction and the band onsets. The fact that already height
modulations as small as 0.3 Å produce measurable effects
in the conductance maps highlights the sensitivity of the
electronic properties on the precise interface geometry [19].

and the workfunction is low. For van der Waals coupled
systems, on the other hand, the spill-out is fully developed
and the workfunction rises again. Alternations between low
and high workfunction regions have been detected for buckled
Mo-ML films that exhibit periodic variations of the interface
distance.
The elucidation of interface phenomena that govern
the workfunction of thin-film systems is a first step to
control this important parameter, e.g. by changing the metal
substrate used for oxide growth. Given the importance of
the workfunction in charge transfer processes, this possibility
opens fascinating routes to tailor the performance of thin-film
systems in chemical reactions. Moreover, spatial variations
in 8 might be exploited to trigger self-organization effects
of suitable adsorbates on the oxide surface, being a step
towards surface patterning and device fabrication [36]. Based
on the experimental results presented here, we note that
substantial workfunction variations might occur even on
chemically homogeneous samples, emphasizing the need to
probe this quantity at a local scale. Some approaches for local
workfunction mapping have been introduced in this paper;
however, all of them are unable to provide reliable absolute
8 values. Further efforts are therefore requested to overcome
this unsatisfying situation.

4. Conclusions
The potential course and resulting workfunction effects have
been explored for different silica–metal interfaces, using
STM- and AFM-based spectroscopic techniques. Despite
uncertainties in the quantitative values, we reproducibly
observed a lower workfunction for silica mono- compared
to bilayer films. We assign this difference to variations in
the electron spill-out at the respective metal–oxide interface,
following earlier concepts developed by DFT [16, 19]. In the
case of strong interface coupling, the Pauli repulsion exerted
by the oxide overlayer reduces the effect of electron spill-out
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