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Morphology and optical properties of MgO thin films on Mo(001)
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Abstract

Thin MgO films with a nominal thickness ranging between 1 and 60 ML have been grown on a Mo(001) surface. The film morphol-
ogy was studied by LEED and STM, revealing the presence of a coincidence pattern with the Mo support in the low coverage regime, a
dislocation network at medium thickness and a rather flat and defect-poor MgO surface for thicker layers. The MgO optical properties
were investigated as a function of film thickness by analyzing electro-luminescence spectra obtained via electron injection from the STM
tip into well-defined surface areas. The spectra are characterized by two distinct emission bands at 3.1 and 4.4 eV. Their origin is dis-
cussed in the light of earlier photo-luminescence measurements on MgO nanocubes and smokes.
� 2006 Elsevier B.V. All rights reserved.
1. Introduction

Insulating metal oxides have attracted wide interest in
recent years due to their potential applications as support
for metal nano-particles in electronic devices, heteroge-
neous catalysts and gas sensing systems [1,2]. In particular,
they are often used in the form of thin films, because of
novel properties arising from interactions with the metal
substrate and the possibility to investigate such systems
with surface science methods based on electrons or ions,
in spite of their insulating character.

Among these materials, MgO is especially promising
thanks to its wide bandgap and the good chemical [3]
and thermal stability [4]. The compound is easy to prepare
due to the high oxygen affinity and low melting tempera-
ture of Mg. The simple rock-salt structure allows the
growth of epitaxial films on a variety of substrates, as long
as the lattice mismatch with the MgO does not exceed 5–
7%. Stoichiometry, structure and morphology have been
intensively investigated for MgO deposited on Ag(001)
[5–9], Fe(001) [10,11] and Mo(001) [4,12–14]. Particularly
interesting is the use of Mo supports, because of the possi-
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bility to treat the films at high temperatures. High temper-
ature deposition or post-growth annealing, which is not
applicable for Ag and Fe substrates, is usually performed
to improve the film morphology and reduce its defective-
ness. In spite of these advantages, the morphology of the
MgO/Mo system has not been extensively investigated in
the past. The only work [14] published so far shows that
the surface changes dramatically for a MgO deposition
temperature above 1100 K, whereas deposition at 300 K
followed by post-annealing does not improve the film
morphology.

The physical and chemical properties of oxide surfaces
are often dominated by the presence of defects, which
might occur in the form of vacancies and low-coordinated
sites. While bulk MgO, for example, does not absorb nor
emit light in the range between 200 and 900 nm, pro-
nounced luminescence bands have been observed for
MgO smokes [15–17] and powders [18,19] at energies much
lower than the bulk bandgap. These emission bands have
been assigned to the presence of low-coordinated sites
and colour centres at the surface; however, no consensus
is reached so far on their relative contribution to the pho-
ton signal. In addition, the adsorption of molecules and
atoms has been traced back to the abundance of defects
in the MgO surface, emphasizing their important role for
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Fig. 1. LEED pattern of MgO films on Mo(001): (a) 0.85 ML, (b)
1.75 ML, (c) 7 ML and (d) 30 ML (Ep = 55 eV). The circle in (a) marks
one of the (2 · 2) superstructure spots. (e) Positions of [100] satellites with
respect to the central spot in the Brillouin zone shown as a function of the
scattering phase S = dK^/2p [21]. The lines are linear fits to the data and
yield information on the tilting angles with respect to the ideal (001)
surface.
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the nucleation behaviour and the catalytic properties of
this oxide material.

This Letter aims to provide new information on the
interplay between the morphology of MgO thin films and
their optical properties. For this purpose, MgO films of
varying thickness have been prepared on Mo(001) and
studied by means of LEED, scanning tunnelling micros-
copy (STM) and luminescence spectroscopy induced by
field-emitted electrons from the STM tip [20]. These meth-
ods give complementary information on the topographic
and optical properties of MgO thin films.

2. Experimental

Experiments are carried out with a beetle-type STM
operated at liquid-nitrogen temperature (100 K) and
ultra-high vacuum conditions (p � 5 · 10�10 mbar) [20]. A
parabolic mirror surrounding the microscope head collects
photons emitted from the tunnel junction. A second mirror
outside the vacuum chamber focuses the light onto the
entrance slit of a grating spectrograph attached to a
liquid-nitrogen cooled CCD detector. A LEED system
enables easy control of the sample quality after prepara-
tion. The Mo(001) single crystal is prepared by repeated
cycles of annealing at 1300 K in O2 atmosphere and flashes
to 2300 K in UHV. This produces a sharp p(1 · 1) LEED
pattern and a surface with large terraces (>200 nm) delim-
ited by monatomic steps. The MgO film is grown by reac-
tive deposition of Mg in an O2 partial pressure of
1 · 10�7 mbar with the Mo substrate held at room temper-
ature. Magnesium is evaporated from a crucible heated by
electron bombardment. After deposition, the sample is
annealed for 10 min at 1100 K to improve the crystallinity
of the film. For sub-monolayer films, the MgO coverage is
directly deduced from STM images, whereas for thicker
films, a nominal thickness is defined as product between
MgO deposition rate and exposure time.

3. Results

Fig. 1 shows a series of LEED patterns of MgO films
with increasing thickness. In all cases, a square (1 · 1)
structure is observed. From the identical size of the primi-
tive cell on the clean substrate and the film, epitaxial
growth of the oxide on Mo(001) is concluded. Hereby,
the MgO(001) plane is parallel to Mo(001) while the
MgO[100] direction aligns with the Mo[110] direction, as
expected from the 5% lattice mismatch between the primi-
tive cells of bcc Mo (3.15 Å) and rock-salt MgO (2.98 Å).
For sake of clarity, all crystallographic directions in this
Letter are given with respect to the MgO. The appearance
of a p(2 · 2) superstructure in the low-coverage regime
(Fig. 1a) is attributed to the formation of a Mg–Mo–O
interface layer. Evidence for such alloying effect is gained
from STM and optical measurements and will be presented
in a forthcoming paper. The fundamental spots in low-
thickness preparations show an anisotropic broadening,
which evolves to clear and distinct satellites oriented along
the MgO[10 0] at 2–5 ML nominal thickness (Fig. 1a).
Depending on the primary electron energy, the central spot
of each fundamental reflex appears and disappears in this
growth stage and additional satellites become visible along
the [110] direction (not shown here). We attribute this
behaviour to interference effects between neighbouring
MgO domains in antiphase scattering configuration. With
increasing film thickness, the [100] satellite spots move
towards the central spot and finally disappear at around
5 ML thickness (Fig. 1b). The splitting of fundamental
reflexes with respect to the first Brillouin zone depends lin-
early on the primary electron energy, as shown in Fig. 1e.
This observation is compatible with a Moiré structure com-
prising tilted MgO facets, in agreement with the STM
results discussed below. For a nominal thickness between
5 and 12 ML, distinct crosses appear in the LEED pattern
around each fundamental spot oriented along the [110]
direction (Fig. 1c). Similar observations were reported ear-
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lier for MgO/Ag(1 00) [21] and MgO/Fe(100) [22] and
assigned to the formation of mosaics spanned between a
dislocation network that relaxes the strain in the oxide
layer. The size of the [110] crosses in LEED is directly con-
nected to the inclination angle of the tilted regions and
decreases with increasing thickness. Finally, for films con-
sisting of more than 15 layers a simple (1 · 1) pattern
appears in LEED, indicating a flat and defect-poor surface
structure (Fig. 1d).

The evolution of the MgO morphology with increasing
film thickness is also analysed by STM as summarized in
Fig. 2. After deposition of approximately one layer, the
film still exhibits large holes, confined by non-polar [10 0]
and polar [110] oriented edges (Fig. 2a). The presence of
a significant fraction of polar borders has already been
observed for thin MgO films on Ag(100) and ascribed to
a stabilization effect of the metal support [23]. On the oxide
surface, a regular square pattern with a mean size of 55 Å
becomes visible, which is aligned with the MgO [110] direc-
tion. The pattern persists until 5 ML nominal film thick-
ness, which corresponds to the range where [100] satellite
spots are present in LEED. The square structure is inter-
preted as coincidence lattice resulting from the 5% lattice
mismatch between MgO and Mo and would be compatible
with 18 MgO unit cells overlaying 17 substrate cells along
the MgO[110] direction. The calculated size of such Moiré
structure amounts to 53.5 Å, in good correspondence to
the periodicity of the measured square pattern. The visibil-
Fig. 2. STM images of MgO thin films on Mo(001): (a) 150 · 150 nm2 of 0.85
region of the same sample. (b) 1.75 ML MgO (I = 0.05 nA, USample = +3 V),
USample = +12.5 V). Images (b–d) are 100 · 100 nm2 in size. The inset in image
MgO films.
ity of the Moiré structure is apparently enhanced by an
electronic effect, as large topographic contrast is only
obtained for sample voltages above 3.5 V [24]. The occur-
rence of four satellite spots around each fundamental
LEED reflex suggests furthermore that each Moiré unit cell
consists of four regions tilted along the MgOÆ100æ direc-
tions. From the change of the relative position of the
LEED satellites in the first Brillouin zone as a function
of energy, a maximum tilting angle of 5� with respect to
MgO(00 1) is concluded for ultra-thin films, which rapidly
reduces to zero with increasing film thickness (Fig. 1e).

The surface Moiré pattern fades away for a nominal
MgO thickness of 3–5 ML. The dominant structural ele-
ments on the surface are now step edges, dislocation lines
and small rectangular holes of 20–50 Å diameter
(Fig. 2b). Whereas for thinner films, dislocation lines have
no preferential orientation, they begin to align with the
MgO[10 0] direction for thicker ones. In particular cases,
the presence of screw dislocations can be recognized, as
shown in the inset of Fig. 2c. The formation of a disloca-
tion network is a well-known mechanism to reduce stress
and strain in thin epitaxial films caused by a lattice mis-
match with the support [25]. The presence of a dislocation
network at this growth stage is also reflected by the charac-
teristic crosses around each fundamental spot in the LEED
measurements (Fig. 1c). Above 7 ML film thickness, the
oxide gradually flattens and the global roughness
decreases, indicating good layer-by-layer growth. This
ML MgO (I = 0.23 nA, USample = +3.4 V). The inset shows a 25 · 25 nm2

(c) 7 ML MgO (I = 0.14 nA, USample = +3.7 V); (d) 18 ML (I = 0.15 nA,
c shows a screw dislocation, which is frequently observed in 5–10 ML thick



Fig. 3. Photon emission spectra collected from MgO films with increasing
thickness. Excitation conditions were kept constant in all spectra (electron
energy: �200 eV, current: 1 nA, acquisition time: 60 s).
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trend finds its correspondence in the LEED pattern, where
the complex spot structure transforms into single (1 · 1)
LEED spots. For a nominal thickness exceeding 15 ML,
STM experiments become increasingly difficult due to the
vanishing conductivity of the film and only step edges
remain visible at the surface (Fig. 2d).

To correlate the structural properties described above
with optical parameters, luminescence measurements are
performed on thin MgO films grown on Mo(001). The pho-
ton emission is excited via electron injection from the STM
tip into well-characterized surface areas imaged prior to
spectroscopic measurements. Emission spectra are acquired
for electron energies ranging between 50 and 200 eV;
whereby current and acquisition time are limited to 1 nA
and 60 s, respectively, to reduce electron-induced damage
of the film. With increasing electron energy, an exponential
increase of the photon yield is observed; however, the spec-
tral characteristic of the emission remains unchanged. Fig. 3
presents a series of photon emission spectra taken at
�200 V tip bias for MgO films containing up to 60 layers.
Spectra excited with lower electron energies (50 eV) are
qualitatively similar, but show reasonable signal to noise
ratios only for extended accumulation times. In all spectra,
two emission bands are identified, located around 280 nm
(4.4 eV) and 400 nm (3.1 eV), respectively.1 With increasing
1 Bremsstrahlung created by the injection of high-energy electrons into
the sample has to be taken into account as additional source of UV
photon emission. Due to the wavelength cut-off of the CCD detector, this
produces an artificial emission maximum around 250–270 nm that might
contribute to the 280 nm band. The effect is stronger for thin MgO layers,
because Bremsstrahlung is more effectively produced by electron injection
into the underlying metal support.
film thickness, both bands gain intensity, whereby the low-
energy band at 3.1 eV is more affected. Saturation of the
total emission yield is observed for films thicker than
40 ML. As geometric and electronic tip properties slightly
vary with time, the experimental set-up does not allow for
a quantitative comparison of the emitted light intensity.

In the literature, the characteristic light emission from
MgO surfaces is rationalized by the following mechanism.
In a first step, surface excitons are formed by interactions
of O2� ions with photons or electrons. They are domi-
nantly excited at 5-fold coordinated terrace sites (5C sites),
simply because they represent the most abundant surface
site. Excitonic modes on the MgO surface are mobile and
can move away from their excitation centre in a random-
walk type process [26]. The diffusion stops when the
electron–hole pair becomes trapped at defect sites (e.g. F
centres) or sites with lower local coordination, such as 4-
fold coordinated edge (4C) or 3-fold coordinated corner
sites (3C). The trapping occurs because of the smaller
Madelung potential at low-coordinated sites, resulting in
a stabilization of the electron–hole pair [26]. Defects and
low-coordinated edge or corner sites are therefore preferen-
tial recombination centres for surface excitons and domi-
nate the emission characteristics of MgO. The relative
importance of the two exciton-decay pathways, either via
corner and edge sites or via oxygen vacancies, is heavily
debated in the literature. In recent photo-luminescence
measurements on defect-poor MgO nanocubes, two emis-
sion bands have been identified at 3.84 eV and 3.2 eV and
assigned to the radiative recombination of excitons at 4C
edge and 3C corner sites, respectively [15,17]. This interpre-
tation is in accordance to previous data on MgO smokes
[18] and theoretical calculations [26,27]. Slightly different
results were reported by other groups, with emission bands
somewhat red-shifted to 3.2 eV for the 4C and 2.7 eV for
the 3C emission centres [16,19]. On the other hand, an
emission band at 3.2 eV detected for MgO single crystals
was claimed to originate from an emission mechanism
involving F+ centres [28].

To discriminate between the two proposed mechanisms,
colour centres have been intentionally introduced into the
surface by exposing the MgO film to a flux (1 mA) of
300 eV electrons for 10 min prior to spectroscopy. Electron
bombardment induces desorption of O atoms from the
MgO surface in an Auger-like process, and should thus
intensify the emission channel involving colour centres
[29]. However, decreasing emission intensity was observed
for electron-bombarded films, pointing towards a minor
role of surface colour centres in the emission process
(Fig. 4a). The reverse approach, namely annihilation of
potential colour centres by healing MgO films in
1 · 10�7 mbar oxygen, led to a similar conclusion, as the
emission yield was not completely quenched even after pro-
longed O2 exposure (Fig. 4a).

For the interpretation of the optical data, the electron
exposure during spectral acquisition has to be considered,
too. In a typical spectrum taken with 1 nA field-emission



Fig. 4. (a) Photon emission spectra from a 30 ML thick MgO film. Upper curve: as prepared film, central curve: after electron bombardment (300 eV,
10 min) and lower curve: after exposure to 45 Langmuir O2. Neither changes in the spectral shape nor variation in intensity are observed that would be
compatible with a dominant role of surface colour centres. (b) Series of photon emission spectra from a 30 ML thick MgO film on Mo(001) (electron
energy: �240 V, current: 1 nA, acquisition time: 60 s). Numbers next to each curve indicate the total electron exposure time the surface has experienced
during spectroscopy. The inset shows the time evolution of the total emission intensity during spectral acquisition from a freshly prepared MgO film
detected with a photomultiplier. After reaching the maximum, the photon intensity remains relatively constant over the full acquisition time of 10 min. See
text for details.

2 MgO luminescence peaks observed in our experiment are generally
red-shifted with respect to earlier photo-luminescence data. A number of
reasons might be responsible for this discrepancy. First, the MgO film has
only limited thickness and is supported by a Mo(001) crystal. Interactions
between electron–hole pair excitations in the oxide and their image in the
highly polarizable metal support lead to smaller excitation energies.
Second, the presence of a biased tip in close proximity to the sample
surface produces a strong electric field in the oxide film that shifts optical
transition energies via the Stark effect.
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current from the STM tip, approximately 100 electrons per
second are injected into every anion site. This dosage is suf-
ficient to induce a reasonable quantity of surface colour
centres, provided that the electron energy exceeds the
threshold for electron-induced O-desorption. Two observa-
tions suggest that colour centres formed during spectral
acquisition are not the main cause of the light emission.
First, spectra exhibiting the distinct emission bands at 3.1
and 4.4 eV are obtained even for excitation energies below
50 eV, where electron-induced colour centre formation is
inefficient [21]. Second, photon yield as well as spectral
characteristics of the MgO emission was found to be con-
stant over several minutes of data acquisition (Fig. 4b),
although the number of O vacancies and therewith the
emission yield should continuously rise with acquisition
time. In combination with results on intentionally
electron-bombarded versus oxygen-treated films, colour
centres have thus been ruled out as the dominant source
of light emission from the MgO surface.

The two bands in our optical emission spectra are there-
fore interpreted as signature of radiative exciton decays
from low-coordinated MgO sites. The emission peak at
3.1 eV agrees well with the main feature detected in previ-
ous photo-luminescence experiments on cube-shaped MgO
nanocrystals [15,16]. Based on model calculations, this
band has been assigned to emission centres located at 3C
corner sites on the MgO surface [26]. The energy of the sec-
ond peak (4.4 eV) in our experiment indicates an emission
pathway involving higher coordinated sites. Similar bands
in photo-luminescence spectra have been attributed to
emission from 4C anion sites located at MgO step edges
[15]. An unambiguous assignment of the 4.4 eV peak is
not possible here due to the less-regular film morphology
compared to well-defined MgO nanocubes. Beside step
edges, other low-coordinated sites might be relevant for
optical transitions above 4.0 eV in the MgO/Mo(001) sys-
tem, such as kinks, irregular and inverse corners.2

Our interpretation of the light emission as radiative
decay of MgO excitons trapped at low-coordinated sites
also provides an explanation for the observed dependence
of the emission yield on the film thickness. The probability
for a surface exciton to reach a low-coordinated step or
corner after excitation on a distant terrace site depends
on the lifetime of the electron–hole pair and the surface
morphology. In the case of ultra-thin MgO films on
Mo(001), the exciton lifetime is governed by the presence
of non-radiative decay channels provided by the metal sup-
port (Landau damping). The exciton lifetime and therefore
its probability to undergo a radiative recombination
increase when the MgO surface is spatially decoupled from
the Mo substrate via a thick oxide layer. This behaviour is
reflected in our experimental finding that the emission yield
initially increases with film thickness, but saturates for
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higher MgO coverage. The influence of the metal vanishes
for films containing more than 40 layers, which enables a
rough estimation of the interaction length between MgO
surface excitons and electronic excitations in the Mo
support.

Finally, we want to emphasize that structural changes in
the MgO surface during electron injection from the STM tip
cannot be excluded. Radiation- and electron-induced dam-
age on oxide and halogenide surfaces is described in the lit-
erature in great detail [30–32]. Usually, the emergence of
holes is observed in the surface layer, triggered by the elec-
tron-induced desorption of anions. Similar surface modifi-
cations are sometimes observed in the MgO films after
spectral acquisition. The importance of such desorption
processes for the optical characteristics is not clear at this
moment and will be explored in future electro-luminescence
experiments performed at smaller excitation energy.

4. Conclusion

Flat and defect-poor MgO films have been grown on a
Mo(001) support, as revealed by STM and LEED mea-
surements. The film morphology depends critically on the
number of MgO layers and passes through different stages
with increasing thickness, such as a coincidence lattice with
the Mo support and a dislocation network. Optical proper-
ties of MgO films are dominated by two emission bands
located at 3.1 and 4.4 eV, which have tentatively been
assigned to the radiative decay of MgO excitons at 3-fold
and 4-fold coordinated sites. The local nature of the
employed technique, namely stimulating light emission by
electron injection from an STM tip, will hopefully lead to
an atomic-scale correlation between well-defined MgO sur-
face features and distinct optical emission bands in future.
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Bernardi, Angew. Chem., Int. Ed. 44 (2005) 4917.
[18] S. Coluccia, A.M. Deane, A.J. Tench, J. Chem. Soc., Faraday Trans.

1 (74) (1978) 2913.
[19] M. Anpo, Y. Yamada, Y. Kubokawa, S. Coluccia, A. Zecchina, M.

Che, J. Chem. Soc., Faraday Trans. 1 (84) (1988) 751.
[20] N. Nilius, N. Ernst, H.-J. Freund, Phys. Rev. Lett. 84 (2000) 3994.
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