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Abstract: Magnesium oxide films prepared as monolayer, amorphous, and epitaxial films have
different properties such as semiconducting, ferromagnetic, and dielectric behavior, respectively.
Understanding the variation in these properties requires detailed information about the atomic
structure of the different MgO films. In the present study, one important synthesis method, ballistic
deposition, is studied, and the influence of the deposition temperature on the resulting atomic
structure of the films is analyzed in detail, employing XRD, SEM, EDX, XPS, and Raman scattering.
At −190 ◦C, compact, light-yellow films are obtained, which consist of small crystallites adopting
the rock salt structure with an excess of oxygen at the grain boundaries. However, at 25 ◦C, nearly
stoichiometric, white, columnar films exhibiting a superfilled rock salt structure are grown. In the
first case, dioxygen species are formed by connecting the oxygen shells of adjacent small crystalline
grains, and in the second case such species appear due to the partial occupation of tetrahedral sites in
the rock salt structure. These observations should open new prospects of fine-tuning the properties
of MgO films and enhance the performance of devices employing such films.

Keywords: magnesium; oxides; thin film; crystal structure; dioxygen species; defects; X-ray diffraction

1. Introduction

Magnesium oxide is a colorless ceramic with a band gap of 7.8 eV [1]. It is highly
thermodynamically stable and has a very low free energy of formation at standard con-
ditions (∆G = −568.6 kJ/mol) [2]. Only one bulk polymorph of MgO is known, which
crystallizes in the rock salt structure [3]. Considering thin MgO films, not only the rock salt
structure but also the metastable wurtzite structure is found in films up to 1 nm thick, and
some stacking fault structures are obtained in stacks up to about 10 nm thick [4]. In addi-
tion, studies of ZnO/MgO superlattices reveal the wurtzite structure in MgO layers up to
1.5 nm thick, stabilized by a spontaneous interfacial mixing [5]. Investigations of epitaxial
MgO films grown on sapphire substrates indicate an intermediate structure between the
wurtzite and the rock salt structure of MgO at the interface [6]. The observed structural
arrangement is consistent with the ionic analog of the hexagonal BN structure (the so-called
5–5-type) [7], supported by predictions of the structure candidates for MgO layers of an
Al2O3 substrate [8]. Theoretical calculations suggest many other structure candidates for
MgO, exhibiting, e.g., the zinc blende, TiP, and β-BeO structures [9,10].

Magnesium oxide is used for numerous applications as an insulator and refractory
component as well as for catalytic, biological, agricultural, and therapeutic applications [11].
In particular, the (photo)catalytic applications of MgO nanoparticles for organic reac-
tions (synthesis, transformation, degradation) have developed into a broad field in recent
decades [12,13]. In many cases, MgO films, which have been extensively studied for more
than 40 years, are deposited on metal [14,15], oxide [16,17], and semiconductor [18,19]

Coatings 2024, 14, 1563. https://doi.org/10.3390/coatings14121563 https://www.mdpi.com/journal/coatings

https://doi.org/10.3390/coatings14121563
https://doi.org/10.3390/coatings14121563
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/coatings
https://www.mdpi.com
https://orcid.org/0000-0003-2274-9314
https://orcid.org/0000-0002-3185-6982
https://doi.org/10.3390/coatings14121563
https://www.mdpi.com/journal/coatings
https://www.mdpi.com/article/10.3390/coatings14121563?type=check_update&version=1


Coatings 2024, 14, 1563 2 of 23

substrates. Epitaxial films (2 to 250 nm thick) are grown on SiC and GaN substrates by
molecular beam epitaxy (MBE) for substrate temperatures between 25 and 650 ◦C [18,20,21].
The MBE is performed using an oxygen plasma together with a Mg source, and the
MgO(111) epitaxial growth, with adjusted growth rates, is achieved for up to 250 nm thick
films [18]. Micrometer-thick, highly textured films with columnar grain morphology (on
Si, SiO2, and metal substrates) are grown at near room temperature by electron beam
deposition under oxygen pressure using MgO sources [22–24]. In addition, amorphous
and polycrystalline films have been obtained by pulsed laser deposition (PLD) [25,26],
chemical vapor deposition (CVD) [27,28], and sputtering [29,30]. For the PLD and sput-
tering experiments, both MgO and Mg targets are used, as well as various organometallic
precursors for the CVD processes. The crystallinity of the actual films is mostly a function
of the substrate temperature. Thus, the CVD and sputtering techniques yield amorphous
films for depositions at room temperature [27,30] and nearly epitaxial ones at substrate
temperatures above 500 ◦C (CVD) [27,28] and at about 750 ◦C (sputtering) [31]. In PLD
experiments, the conditions resulting in the degree of crystallinity achieved in the MgO
films are more complex and the outcome depends on the substrate temperature as well as
on the oxygen pressure and the laser fluence [26,32]. Thus, MgO(111) and (100) textured
films are grown on various substrates such as Si, SiO2, and sapphire between 25 and 850 ◦C
with film thicknesses ranging from one to a few hundred nanometers.

An important application of MgO films is as a buffer layer or oxide barrier in thin
film superconductors, semiconductors, and ferroelectrics [1]. The MgO films (2 to 40 nm)
are used in multifunctional metal oxide heterostructures on Si and SiC substrates and are
deposited by the MBE method [19,21,33]. Here, the MgO(111) films grow on SiC(0001)
substrates in a quasi-2D multi-layer manner, resulting in a 3D film termination with {100}
facets [20]. In general, film growth by MBE has been studied experimentally in detail as
a function of substrate temperature and Mg and molecular O2 fluxes. Different growth
regimes are delineated for GaN(0001) and amorphous SiO2 substrates by a critical substrate
temperature for Mg re-evaporation and the Mg:O flux ratio [34]. Furthermore, the variables
of the MBE growth process have been analyzed by Monte Carlo and neural networks-based
meta-models [35,36].

The homoepitaxial growth process of MgO films on MgO(001) substrates has also been
studied experimentally [37] as well as theoretically [38,39]. The adsorption and diffusion
of Mg, O, and O2 on the surface during the process are analyzed by ab initio calculations
based on the density functional theory (DFT) method. The critical influence on the growth
under the O2 atmosphere is found to be the surface concentration of point defects [38].
Additionally, the diffusion mechanism of a MgO admolecule is also investigated by molec-
ular dynamics (MD) simulations [40,41]. Experimentally, the homoepitaxial film growth
is investigated by fast Auger spectroscopy, among other methods, for films with a thick-
ness of a few tens of nanometers, which are deposited from separate beams of Mg and
activated oxygen in a substrate temperature range of 450 to 750 ◦C. The results show that at
elevated temperatures (ca. 750 ◦C), MgO grows homoepitaxially via the step-flow growth
mechanism, and excess oxygen is not adsorbed on the surface nor incorporated into the
crystal [37].

In addition, MgO films (ca. 100 nm thick) have been found to exhibit unexpected
ferromagnetism at room temperature [42]. These films are prepared by PLD and sputtering
techniques on Si substrates [43,44]. The ferromagnetic ordering is a function of the film
thickness [43] and the deposition temperature [44] as well as the oxygen pressure during
deposition [45]. The ferromagnetism of MgO films has been attributed to Mg cation
vacancies [42,46], but the possible origin of the d0 ferromagnetism is not very clear. Recently,
new 2D monolayer materials, including MgO, have been reported which have attracted
enormous interest due to their optical and electronic properties. For example, the MgO
graphene-like monolayer (analogous to a monolayer of the 5–5-structure [7]) shows a
non-magnetic, semiconducting behavior [47–49].
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As the wealth of the above observations shows, the synthesis of MgO films has been
extensively studied. Nevertheless, many questions remain. For one, the film growth, which
is a combination of 2D and 3D modes, is remarkably varied, showing different regimes with
an onset of the deposition rate at low (>5 × 10−7 mbar) and a reduction in the rate at high
oxygen pressures (>5 × 10−6 mbar) [34], respectively. Moreover, isolated Mg atoms and
molecular oxygen are only loosely bound to the surface, and thus can be easily evaporated
at room temperature [38]. Thus, above a critical temperature (250 ◦C), film growth starts
only when both components, Mg and oxygen, hit the surface in such a way that reactions
can quickly take place. These results are evident for films with deposition rates up to a few
nanometers per minute. Otherwise, at room temperature, a self-shadowing effect with void
formation is suggested for high Mg fluxes (deposition rates: 6–12 nm/min.) forming porous
films [34]. For the ballistic deposition region (high deposition rates at low temperatures),
the films prepared by electron beam deposition using MgO targets under oxygen pressure
have not yet been studied in detail [23,24]. Almost exclusively, the texture of these films
has been characterized with respect to their buffer layer properties. Therefore, we decided
to study MgO films deposited directly from the elements, magnesium and oxygen, with
ballistic deposition rates at substrate temperatures of 25 and −190 ◦C. In the ballistic
deposition regime, the incoming atoms/molecules are typically transferred to the substrate
in a straight line and are incorporated in the immediate vicinity of their original landing site
(cf. [22]). An interesting point is the influence of the high deposition rates on the behavior
of the weakly bonded adatoms (magnesium and oxygen) with regard to the film structure
formed. A key issue here is the implementation of two separate beams of magnesium
and oxygen to ensure the synthesis of MgO directly from the elements. Our experiments
yield micrometer-thick MgO films that we characterize by scanning electron microscopy
(SEM), energy-dispersive X-ray spectroscopy (EDX), X-ray photoelectron spectroscopy
(XPS), X-ray diffraction (XRD), and Raman measurements, with the analysis supported by
ab initio calculations.

2. Materials and Methods

The MgO films were synthesized using magnesium (99.99% Mateck GmbH, Jülich,
Germany) evaporated from a PBN crucible by an effusion cell (Dr. Eberl MBE-Komponenten
GmbH, Weil der Stadt, Germany) at 400 and 420 ◦C, together with oxygen (O2, purity 5.0;
Westfalen AG, Münster, Germany) at a mass flow of 1 sccm, which was passed through a
microwave plasma cell (electron-cyclotron-resonance (ECR) Plasma source, Tectra GmbH,
Frankfurt/M, Germany) operating at 2.45 GHz and 60 mA. Both cells were mounted
at an angle of 22◦ to the substrate normal via fixed ports of the vacuum chamber. As
deposition temperatures, both room temperature (25 ◦C) and the experimentally well-
controllable temperature of liquid nitrogen (−190 ◦C) were chosen. The substrates were
mounted on a copper holder that was attached to two tubes so that the holder could be
cooled to −190 ◦C with liquid nitrogen. The films were deposited on sapphire substrates
(epitaxially polished, orientation (0001), CrysTec, GmbH, Berlin, Germany) for a period
of 3 h at substrate temperatures of −190 and 25 ◦C. During the process, the pressure in
the vacuum chamber was 2.5 × 10−5 mbar of oxygen. This oxygen pressure results in a
flux of 1.5 × 1016 oxygen/cm2·s, and the operating temperature of the Mg effusion cell
results in a sublimation rate of 2 × 1018 atoms/cm2·s of magnesium at the cell opening.
A flux reduction of 10−3 is expected at the distance of 15 cm from the effusion cell to the
substrate [50], resulting in a magnesium flux of approximately 2 × 1015 atoms/cm2·s at
the growth surface. Thus, a 10-fold excess of oxygen is used for the deposition process.
After deposition, the samples were transferred directly from the deposition chamber to
an X-ray diffractometer equipped with a Raman microscope for Raman measurements
under vacuum.

The MgO single crystals (5 × 5 × 1 mm, polished, (100) orientation) used for reference
measurements were purchased from CrysTec GmbH (Germany).
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The X-ray powder patterns were measured with a θ/θ-diffractometer (D8-Advance,
Bruker AXS, Karlsruhe, Germany) at room temperature with a Goebel mirror (Cu-Kα)
inside a vacuum chamber (ca. 10−7 mbar) in reflection mode using an area sensitive
detector (Vantec-500, Bruker AXS). The structures were refined on integrated patterns by
the Rietveld method using the TOPAS software (TOPAS V6, Bruker AXS [51]) with R-values
between 3.4 < Rp < 5.9. From the profile shape analysis (TOPAS), the crystallite sizes were
calculated using the double-Voigt approach and the Lvol-1B values are given in Table 1 as λ.
The preferred orientation was modeled with a preferred direction using the March-Dollase
approach. The atomic displacement was refined using the isotropic temperature factor
Beq. The X-ray difference maps shown (reflecting the electron density) were obtained by
combining the difference in the experimental and calculated structure factor amplitudes
with the calculated phases [52]. Crystal structures were visualized using the Diamond
software package (version 4.4.1; Crystal Impact GbR, Bonn, Germany) [53].

A laser-microscope Raman spectrometer (iHR 550 spectrometer; BXFM microscope,
Horiba GmbH, Oberursel, Germany) with confocal geometry and a Peltier-cooled CCD
camera (Synapse) was used for Raman measurements. The incident laser beam (532 nm
at 20 mW) passed through a window in a vacuum chamber (ca. 10−7 mbar) and was
focused on the samples by an objective lens (magnification ×100) [54]. The resolution of
the spectrometer (three-grating 1800 L/mm) was about 1 wavenumber. Measurements
were started at 70 cm−1 up to 1900 cm−1 at −190 ◦C.

Scanning electron microscopy (SEM) images were taken with a field emission micro-
scope (Merlin, Carl Zeiss GmbH, Oberkochen, Germany) using an accelerating voltage of
2–5 kV and an Everhart-Thornley (SE) detector at room temperature. Samples were trans-
ferred to the microscope in an argon atmosphere using a custom-built transfer chamber.
The EDX (energy dispersive X-ray) elemental analysis, operating at 3 and 10 kV with an
Oxford Instruments detector (Ultim Max and Extreme, Oxford Instruments NanoAnalysis,
Wiesbaden, Germany), provides information from the film depth down to 150 nm and
1500 nm, respectively. From the film thicknesses of the samples (measured from the SEM
images), the deposition rates were determined to be 24–36 nm/min, which is approximately
1 ML/s (thickness of a ML: 0.5 nm).

A Kratos AXIS ULTRA (Kratos Analytical Ltd., Wharfside, Manchester, UK) with
monochromatic Al-Kα radiation (1486.6 eV) was used for XPS measurements at room
temperature with a base pressure in the low 10−10 mbar range. The samples were mounted
on a sample holder with double sided sticky tape and transferred to the XPS system under
argon atmosphere. Survey scans and detail scans were acquired with a pass energy of
80 eV and 20 eV, respectively. A charge neutralizer was used for compensating the surface
charges and the C 1s signal was set to 284.8 eV (adventitious carbon) for binding energy
calibration [55]. Argon ion sputtering was performed with a raster-scanned argon ion
beam using a MiniBeam III (Kratos Analytical) for 10 min with an energy of 4.0 keV. The
sputter rate is roughly 0.7 nm/min calibrated on SiO2 on Si. The XPS analysis provides
information from the film depth of 1 to 5 nm. Casa XPS [56] was used for data analysis
and peak fitting. For peak fitting, a Shirley background was subtracted and an LA line
shape, which is a numerical convolution of a Lorentzian and a Gaussian function, was used.
For quantification, the Scofield cross sections [57] as implemented in Casa XPS were used.
However, quantification in XPS is always prone to errors; therefore, absolute values might
differ, but relative values for similar samples can be extracted.

The ab initio calculations were performed using the CRYSTAL17 code, based on the
linear combination of atomic orbitals [58]. The crystallographic analysis was executed using
the KPLOT package [59]. The full structural optimizations were carried out using analytical
gradients, and the subsequent phonon calculations were based on analytical first and nu-
merical second derivatives [60]. The LO-TO splitting at the Γ-point was calculated within
the framework of the coupled perturbed Kohn–Sham method [61]. Ab initio calculations
were performed using Hartree–Fock (HF) and Density Functional Theory (DFT) methods,
employing the B3LYP functional (Becke’s three-parameter functional in combination with
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the correlation functional of Lee, Yang, and Parr) [62] and the generalized gradient approxi-
mation (GGA) with the PBE (Perdew, Burke, and Ernzerhof) functional [63]. It is useful
to choose several different ab initio methods to obtain some feeling for the quantitative
validity of the theoretical data [64]. All electron basis sets (AEBS) were used, a [4s3p1d]
basis set in the case of magnesium [65], and a [4s3p] basis set in the case of oxygen [66].

3. Results

The MgO films were synthesized by deposition of Mg together with oxygen activated
by a microwave plasma on sapphire substrates at constant substrate temperature (TS) of 25
and −190 ◦C with deposition rates of 24 and 36 nm/min, respectively. These deposition
rates are in the ballistic region for the deposition of MgO films, where typical growth rates
of tens to hundreds of nm/min are observed [23,24].

3.1. Electron Microscopy

Deposition at −190 ◦C yields light-yellow films with thicknesses of approx. 6 µm. The
SEM images (see Figure 1, all taken at 25 ◦C) show layer-by-layer grown, dense, compact
films (see Figure 1e), which are cracked (piece sizes: tens of microns) and have slight flat
hills on the surface (1–2 µm in diameter) that look like stuck-on bubbles (see Figure 1a).
At higher magnification (see Figure 1c), a smooth surface with an irregular structure on
the nanometer scale (ca. 10 nm) can be seen. The MgO films deposited at 25 ◦C are white
with thicknesses of approx. 4 µm (once a black film was also obtained). These films have a
granular surface morphology on the nanometer scale and consist of side-by-side grown
rectangular columns oriented nearly perpendicular to the surface (cf. SEM images in
Figure 1b,f). The individual columns are closely intergrown and their diameters vary from
20 to 40 nm. The tops of the columns form a roofing tile-like rough surface (see Figure 1d).
This film morphology is well known from MgO buffer layers for superconducting films
prepared under ballistic deposition conditions on metal substrates at room temperature [24].
The SEM images already demonstrate that the growth of MgO films for different substrate
temperatures leads to very different film morphologies.

3.2. X-Ray Diffraction

The films deposited, at both substrate temperatures, are polycrystalline and the X-ray
powder patterns are shown in Figure 2. The X-ray powder pattern of the film deposited at
−190 ◦C shows broad reflections with intensities corresponding to those expected from
MgO crystallizing in the rock salt structure. The rock salt structure can be described as a
face-centered cubic lattice (fcc) of magnesium with oxygen occupying every octahedral
void or vice versa (Fm-3m, Mg: 4a (0,0,0), O 4b (½,½,½)). The pattern of the film deposited
at 25 ◦C shows much sharper reflections whose positions are also consistent with the rock
salt structure. However, the intensities are very different from the expected ones, and only
the (111) reflection at ca. 37◦ in 2θ shows a texture-related intensity deviation (visible on
X-ray detector images). The corresponding Rietveld refinements reveal, for the Mg films
deposited at −190 ◦C, the rock salt structure with very small crystallite sizes (λ) of 3 nm,
together with a lattice constant increased by about 1% compared to the bulk material (cf.
Table 1 and Figure S1 in Supplementary Materials). For the films deposited at 25 ◦C, no
satisfactory refinement of the rock salt structure is possible. Employing different texture
models does not lead to a significant improvement, especially the oxygen site cannot be
refined satisfactorily.
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Table 1. Rietveld refinement data based on X-ray powder diffraction of MgO films deposited at −190
and 25 ◦C (TS), including refined data of MgO powder and reference data of a MgO crystal * (all
measurements at 25 ◦C).

Sample
MgO, Color

TS
/◦C

Lattice
Para-Meter a/pm

Occupation
occ

Temperature
Factor Beq

Preferred [111]
Orientation

Distances
Mg-O/pm

Crystallite
Size λ/nm

film
light yellow −190 424.63(8) O 4b: 0.95

Mg 4a: 1.00
O: 0.1

Mg: 0.1 212 3

film
white 25 423.48(2)

Mg 8c: 0.10
O 8c: 0.31
O 4b: 0.63

Mg 4a: 0.98

Mg: 1.3
O: 0.3
O: 0.2

Mg: 1.1

0.42 212
183 17

powder 421.184(1) 4b: 1.0
4a: 1.0

O: 0.1
Mg: 0.1 211 142

crystal
[3] 421.47 4b: 1.0

4a: 1.0
O: 0.32

Mg: 0.35 211

* Fm-3m (No. 225), Mg: 4a (0,0,0), O 4b (½,½,½) and 8c (¼,¼,¼).

To investigate this issue in more detail, we calculate the XRD difference maps, which
are often used to verify or identify missing atoms in a structure model. The maps represent
the difference between the electron density of a structure model (here, the model is anchored
with Mg atoms in defined positions) and the experimental one obtained by 3D Fourier
analysis [52,67]. Figure 3 shows these difference maps of the cubic cell occupied only by
magnesium atoms (site 4a (0,0,0)) of the films deposited at 25 and −190 ◦C. The locations
of the expected oxygen positions are displayed as clouds of increasing electron density,
colored from red (low) over yellow to white (high). The map for the films deposited
at −190 ◦C shows the expected positions for oxygen in the octahedral voids (site 4b
(½,½,½)). However, the map for the films deposited at 25 ◦C reveals, in addition to the
occupied octahedral voids, a distinct position for oxygen (or magnesium) in the tetrahedral
voids (site 8c (¼,¼,¼)). In principle, both atoms, oxygen and magnesium, can occupy the
tetrahedral voids of the rock salt structure. The Rietveld refinement, which considers the
occupied tetrahedral voids, indicates that oxygen and magnesium are present at this site.
The corresponding results are given in Table 1 and show partially filled octahedral and
tetrahedral sites comprising magnesium and oxygen, together with larger temperature
factors (Beq) and crystallite sizes (λ = 17 nm), compared to the MgO films deposited at
−190 ◦C (see also Figure S2 in Supplementary Materials). The refined occupation factors
result in a formal overall composition of Mg:O of approximately 1.1:1.25 for the films
deposited at TS = 25 ◦C. Consequently, the occupation of both octahedral and tetrahedral
sites formally corresponds to the formation of a superfilled rock salt structure. In detail, the
octahedral sites of the rock salt structure are found to be partially filled with oxygen (occ:
0.63) but nearly full with magnesium (occ: 0.98). The tetrahedral site was found to be filled
with 10% magnesium and 31% oxygen atoms. The overall excess of oxygen is somewhat
unexpected, given that one would have expected an equal ratio of Mg:O = 1:1. Due to the
largely identical electron density of Mg2+ and O2−, it is difficult to distinguish between the
two elements on the basis of the XRD data. Further analysis is clearly required to elucidate
these deviations, as the Rietveld refinement does not allow a proper distinction between
magnesium and oxygen atoms.

Usually, the superfilled rock salt structure describe above is not realized for ionic
compounds such as oxides due to the presence of very short interatomic distances in
this structure. Figure 4 depicts the superfilled rock salt structure next to the normal
rock salt structure of MgO. For one of the oxygen atoms in the tetrahedral voids, the
tetrahedral coordination by the surrounding magnesium and oxygen atoms is visualized.
The occupation of the tetrahedral sites results in additional Mg-O distances of 183 pm (see
Figure 4, black bonds). These distances are short but are a consequence of the occupation
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of the fourfold coordination site inside the pre-defined rock salt structure with its usual
sixfold coordination sites. These distances are quite plausible, since stable magnesium ketyl
complexes, for example, exhibit Mg-O distances between 185 and 192 pm [68]. At the same
time, short O-O distances of 183 pm (see Figure 4, red bond) are formed, which are much
shorter than the O-O distances observed in MgO with 298 pm (in the rock salt structure),
or the sum of the radii of two O2− ions (264 pm [69]). However, dioxygen species such as
superoxide and peroxide ions show O-O distances of 133 and 149 pm, respectively, which
are shorter than the 183 pm observed in the superfilled rock salt structure.
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Figure 4. The MgO unit cell (Mg atoms gray and oxygen atoms red spheres) with Mg-O bonds
(yellow line, viewing direction, see lattice parameters a,b,c) of the rock salt structure (a) and the
superfilled rock salt structure with additionally occupied tetrahedral voids (b). The Mg-O distances
of one of the oxygen atoms in the tetrahedral voids are visualized by the black bonds and one O-O
distance by a red bond (both distances are 183 p.m.).

Thus, assuming that dioxygen species are also present in our films, these short O-O
distances are feasible in magnesium oxide. In the case that magnesium atoms occupy the
tetrahedral sites in the rock salt structure, extremely short Mg-Mg distances of 183 pm are
formed. However, this is an unlikely occurrence, considering that the Mg-Mg distances in
metallic magnesium are dMg-Mg = 320 pm [70], in MgO dMg-Mg = 298 pm [3], and in Mg(I)
compounds around dMg-Mg = 285 pm [71], respectively, which are considerably larger than
the 183 pm Mg-Mg distance that appears when placing Mg atoms in tetrahedral sites of
the MgO rock salt structure. Thus, trying to accommodate the occupation of tetrahedral
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sites by Mg atoms would imply the existence of rather large local distortions of the rock
salt structure.

3.3. Raman Spectroscopy

Raman measurements were performed to gain deeper insight into the local ordering
of the deposited MgO films. Figure 5 presents the Raman spectra for the films deposited at
−190 ◦C and at 25 ◦C, together with the spectrum recorded on a MgO single crystal. All
spectra in Figure 5 were recorded at −190 ◦C because these Raman measurements provide
more distinct bands.
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Figure 5. Raman spectra of MgO films deposited at temperatures of 25 ◦C (red curve) and −190 ◦C
(blue curve), together with the Raman spectrum of a MgO(100) single crystal (black curve). The
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The calculated wavenumbers of the rock salt and different hypothetical structures of MgO (B3LYP
method) are shown in the upper part as colored lines (see text).

Theoretical calculations using the DFT method give results for the vibrational spec-
trum of MgO, with a transverse and longitudinal optical mode at 414 cm−1 (TO) and
710 cm−1 (LO), respectively (at the center of the Brillouin zone) [72]. In general, these
first-order Raman bands are not visible for MgO due to the inversion symmetry of the
rock salt structure. Nevertheless, first-order Raman modes have been reported for MgO
nanomaterials, but most of the observed and assigned wavenumbers originate from im-
purities and do not belong to MgO [73]. Thus, only second-order bands of MgO have
been unambiguously detected, occurring between 500 and 1500 cm−1 [74]. These observed
wavenumbers are in good agreement with our measurements on purchased MgO single
crystals. However, we detect additional sharp bands around 100 cm−1 and at 1556 cm−1

in addition to broad bands between 200 and 600 cm−1 for the single crystalline MgO. The
sharp band at 1556 cm−1 can be assigned to O2 molecules, which show the symmetric
stretching mode at 1552 cm−1 [75]. Thus, it seems that O2 molecules are embedded in the
crystals during the growth process. All the other new bands we observe for the single-
crystal of MgO can be explained by the effects of disorder inside the MgO crystal resulting
from the incorporation of oxygen molecules (see below for more details).

In contrast, the Raman spectra of our MgO films (see Figure 5) do not exhibit these
distinct second-order Raman bands of MgO crystals (600 to 1200 cm−1). For all obtained
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films (deposited at 25 ◦C, and −190 ◦C, respectively), very broad Raman bands are present
in the entire measured range from 70 to 1900 cm−1. This result supports a very high
disorder in the films; we note that especially the range between 800 and 1900 cm−1 differs
from the spectrum of the MgO crystal. In that range, broad bands around 1000, 1200,
1600 and 1800 cm−1 were detected. This region is dominated by the O-O stretching vi-
brations of various dioxygen species such as O2

2− (840 cm−1), O2
− (1150 cm−1), and O2

(1552 cm−1) [52], and suggests the existence of such species also in our MgO films deposited
at 25 and −190 ◦C. The O-O stretching mode of the peroxide ion in bulk MgO2 is observed
at 864 cm−1 and a weaker one at 934 cm−1 [76]. Under high pressure, the stretching mode
of MgO2 increases from 857 cm−1 (1 bar) to 1037 cm−1 at 104 GPa [77]. Thus, the broad
bands in our films between 800 and 1100 cm−1 may be due to incorporated peroxide ions,
which are exposed to high local effective pressures due to the surrounding lattice.

Considering that MgO crystals also contain O2 molecules, the presence of embedded
O2 and other dioxygen species such as superoxide ions (O2

−) in our films seems distinctly
possible. This incorporation leads to very broad Raman bands in the range of 1200 to
1800 cm−1, mainly caused by different O-O distances formed. This also creates a displace-
ment of the surrounding atoms, which is associated with different Mg-O distances. The
different Mg-O distances are then reflected by the Raman bands in the range between 70 and
700 cm−1, which are most pronounced between 300 and 700 cm−1. It is noticeable that the
columnar MgO films deposited at 25 ◦C show not only a more structured spectrum but also
three additional sharp Raman bands at 378, 418 and 1002 cm−1 compared to the spectrum of
the films deposited at −190 ◦C. Typically, sharp Raman bands are associated with ordered
structures (cf. [78]); thus, the three sharp bands indicate highly ordered regions/particles
within the MgO films and can be related to the superfilled rock salt structure. The bands at
1002 cm−1 fit well with the O-O stretching mode of peroxide ions but the assignment of the
other two sharp bands is more difficult. Therefore, we have calculated the Raman bands of
MgO crystallizing in different (hypothetical) structures, which are further discussed in the
Discussion section.

3.4. EDX and XPS Spectroscopy

The composition of the films is an important issue with respect to the observed
structural features. Therefore, the composition was also determined by EDX and XPS
analysis and the results are shown in Table 2. The EDX data, obtained from a film depth of
up to 1.5 µm, show a stoichiometric MgO in the films deposited at 25 ◦C and a high oxygen
excess of about 50% for the films deposited at −190 ◦C. The EDX analysis at different
voltages shows that there are no significant variations in the Mg:O ratio at depths between
about 150 nm and 1.5 µm. The compositions extracted from the XPS data of the as-received
films, which originate from the surface (1–5 nm depth), show the same trend, but with an
oxygen deficit of about 30% for the film deposited at 25 ◦C and a near stoichiometric ratio
for the films deposited at −190 ◦C. Subsequently, the film surfaces were sputtered (10 min
with Ar+ ions) and the XPS spectra were re-measured, showing a reduced oxygen content
for both films (TS = −190 ◦C: −31%; TS = 25 ◦C: −13%). This fact implies a higher loss
of oxygen during the sputtering process compared to magnesium and suggests, at least
partially, rather weakly bound oxygen atoms in the surface or grain boundary regions of
the original films. Thus, the films deposited at −190 ◦C, which consist of solid, compact
pieces, contain a high excess of oxygen inside the films, which is then reduced at the
surface. The columnar films deposited at 25 ◦C are stoichiometric with an excess of Mg
on the surface. Comparison with EDX and XPS data obtained from single crystal MgO
supports the oxygen excess for the films deposited at −190 ◦C and stoichiometric MgO films
deposited at 25 ◦C. The oxygen loss due to the sputtering process is also detected (−11%),
which is similar to the loss of the MgO films deposited at 25 ◦C. In general, the comparison
with the MgO crystal shows that the compositions obtained from XPS measurements seem
to underestimate the oxygen content in MgO samples.
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Table 2. Composition of MgO films analyzed by EDX and XPS measurements compared to a MgO(100)
single crystal.

MgO Sample EDX
Film

XPS
Surface

XPS
After Sputtering

film
TS = 25 ◦C MgO = 1:0.99 MgO = 1:0.73 MgO = 1:0.63

film
TS = −190 ◦C MgO = 1:1.50 MgO = 1:1.06 MgO = 1:0.73

crystal (100) MgO = 1:1.00 MgO = 1:0.79 MgO = 1:0.70

In addition, the XPS measurements also provide oxygen and magnesium binding
energies of the core levels. The XPS spectra of O 1s in Figure 6 show the presence of two
oxygen peaks in both films. The lower binding energy peak at 529.6 eV is attributed to the
O2− lattice oxygen in MgO. This is in agreement with the spectrum recorded on a single
crystal MgO(100) sample (O 1s: 529.4 eV) [79]. The higher binding energy peak of the O 1s
spectra in Figure 6 at ca. 532 eV is due to the presence of less reduced oxygen (compared
to O2−), probably in the form of dioxygen species such as peroxide ions (cf. [14]), which
are more abundant in the films deposited at −190 ◦C. After sputtering of the film surfaces,
the intensity of the high-energy peaks decreases to about one-third of the previous value
for all films. The existence of MgO2 species on the surface has previously been described
for MgO films grown at about room temperature [80]. In these films, a similarly high
binding energy for the peroxide ions is found in the O 1s spectra. However, the high
content of the less reduced oxygen species in our films, both on the surface and inside,
is quite extreme. In particular, the films deposited at −190 ◦C contain a higher content
of less reduced oxygen near the surface compared to the lattice oxygen atoms. In the
literature, the same high binding energies of O 1s are often associated with the formation of
hydroxide at the surface of MgO films [81]. However, the presence of hydroxide species in
our films is excluded because all samples are handled completely under vacuum or in an
Ar atmosphere, from the deposition process to the various measurements with analytical
tools. Therefore, the high content of less reduced oxygen in our samples cannot be due
to hydroxides. For comparison, the O 1s core levels of the single-crystal MgO were also
measured (see Figure 6). Surprisingly, the XPS spectra show three oxygen peaks at 529.5,
531.5, and 533.5 eV. The first two (529.5, 531.5 eV) correspond to the oxygen core levels
of oxide and peroxide ions as described for the MgO films. However, the third one at
533.5 eV was not detected in the films and is consistent with O 1s peaks of adsorbed O2
molecules. The O 1s peak of adsorbed molecular oxygen on a Ni(100) surface at −193 ◦C
has been observed at 534 eV [82]. All O 1s peaks are still present after sputtering with
almost the same ratio. This result strongly confirms the presence of embedded O2 in our
purchased MgO crystals in addition to oxide and peroxide ions. All these species are
present throughout the crystal and their ratio is not affected by the sputtering process. This
is different in our films, where the heights of the less reduced oxygen peaks (peroxide
ions) are greatly reduced by the sputtering of the surface, suggesting weakly bonded
dioxygen species in the MgO films. In addition, the Mg 1s and 2p core-level spectra of the
MgO films were also measured (Figures S3 and S4 in Supplementary Materials). These
spectra show an asymmetric Mg peak shape, which also supports the presence of different
oxygen species surrounding the magnesium atoms. Furthermore, metallic magnesium
could not be identified from the measured Auger KLL peaks of the MgO films (Figure S5 in
Supplementary Materials).
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4. Discussion

As we have seen in the description of the results in the preceding section, two com-
pletely different MgO films are formed just by changing the substrate temperature TS
of the deposition. This refers not only to the stark difference in the morphology of the
films but also to their atomic structures. At a substrate temperature of −190 ◦C, compact,
light-yellow films with a high excess of oxygen are obtained, which contain very small
crystallites of the rock salt structure. In contrast, deposition at a substrate temperature of
25 ◦C forms nearly stoichiometric, white, columnar films consisting of a superfilled rock
salt structure.

4.1. Synthesis Process

What is special about the deposition process used to achieve this unusual result? First,
the deposition is performed at low substrate temperatures, i.e., room temperature and below.
Second, we use very high deposition rates (ca. 1 monolayer per second), which means that
all incoming species are immediately covered and thus do not have much opportunity to
diffuse on the surface to establish an ideal global minimum single-crystal-like structure,
which is a hit-and-stick process. Third, we use a 10-fold excess of plasma-activated oxygen.
And fourth, the difference results from the mobility of the surface species (atoms, molecules,
etc.), which is controlled by the substrate temperature. Thus, the high oxygen contents
detected in the samples are caused by the synthesis parameters used and are realized in
the samples in two different ways. At TS = −190 ◦C, the deposition conditions lead to
the incorporation of excess oxygen at grain boundaries, and at TS = 25 ◦C, as interstitial
oxygen within the rock salt structure, respectively. This finding suggests the following
scenario. The higher mobility of the adsorbed species on the substrates at room temperature
leads to local rearrangements that allow the insertion of oxygen species into the rock salt
structure, accompanied by the formation of larger crystallites. On the other hand, the low
temperature (TS = −190 ◦C) is associated with a reduced mobility on the surface and, thus,
the high excess of oxygen species sticking on the surface of small nanosize crystallites are
incorporated between the grains of the film, preventing the growth of larger crystallites.
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The cracked pieces and the flat hills (unburst bubbles) formed on the surfaces of the films
deposited at −190 ◦C seem to be caused by escaping/rising oxygen-containing bubbles
during the deposition process and, possibly, also during the warming up of the samples
to room temperature. These observations, together with the large loss of oxygen (mainly
dioxygen species) during sputtering in the XPS chamber, support the presence of weakly
bonded oxygen at the grain boundaries that can easily leave the samples. Furthermore,
all samples exhibit a reduced oxygen content in the near-surface region, as evidenced by
XPS analysis. This reduction is attributed to the presence of distinct dioxygen species
incorporated into the films deposited at −190 and 25 ◦C, respectively.

We note that the size of the crystallites is in the nanometer range and increases with
the substrate temperature. Thus, the outcome lies between the achievable limits of highly
oriented films with large crystalline regions generated, e.g., via MBE [18] on the one extreme,
and the essentially amorphous films obtained, e.g., by sputtering [30] on the other one.

4.2. Dioxygen Species at Grain Boundaries

The structural arrangement of the embedded oxygen species at the grain boundaries
in the MgO films for TS = −190 ◦C is not very clear. One problem is that only the ordered
domains are visible in the X-ray powder pattern. The fact that the oxygen is easily released
suggests weakly bonded or adsorbed O2 dimers between the MgO crystallites, in contrast
to the oxygen incorporated in the superfilled rock salt structure. In this context, we note
that studies of ZnO films reveal that the yellow color of ZnO is caused by the presence of
superoxide ions in the material [53]. This suggests that the light-yellow color of MgO films
deposited at −190 ◦C may also be caused by the presence of superoxide ions. Due to the
flexibility of the interfaces associated with the grain boundaries, O2 dimers and charged
dioxygen species, such as superoxide ions, can exist at the grain boundaries, in principle.
Figure 7 shows a small rock salt crystallite of MgO with a surrounding shell of oxygen
atoms. For better visualization, a 2D flat 5 × 5 supercell (1 unit cell thick) is drawn forming
a particle with a diameter of about 3 nm. The shell is constructed by saturating all terminal
Mg atoms with oxygen atoms. The complete 3D MgO crystallite (5 × 5 × 5 supercell)
contains 1694 magnesium and oxygen atoms embedded in an oxygen shell of 450 atoms.
This results in a composition of MgO1.53 (Mg:O = 1:1.53), which is consistent with the
composition determined by EDX measurements. These particles can form grain boundaries
by connecting these crystallites through the oxygen atoms of the shell, as shown in Figure 7.
The O-O dimers formed in this fashion are shown for the flat 5 × 5 supercell, where on
one side a connected crystallite is partly shown (for better distinction all oxygen atoms of
the surrounding crystallites are drawn in purple). The O-O bonds formed are very flexible
and can be easily adapted to the O-O distances of different dioxygen species (149 pm for
peroxide, 133 pm for superoxide ions, 121 pm for oxygen dimers).

The very small size of the nano-size crystallites in the film results from the presence
of a high density of nuclei of crystallization combined with the low mobility of the MgO
species under the deposition conditions employed, which prevents the coarsening of the
size distribution of the crystallites that usually eliminates small crystallites in favor of
larger ones, analogous to the Ostwald ripening process. Furthermore, we note that the
O-O distances of the dioxygen species embedded in the grain boundaries separating the
crystallites are very flexible.



Coatings 2024, 14, 1563 14 of 23
Coatings 2024, 14, x FOR PEER REVIEW  15  of  24 
 

 

 

Figure 7. Dioxygen species embedded at grain boundaries. Connection of MgO crystallites which 

form  the  rock salt structure: 5 × 5 × 1 supercell  (diameter ca. 3 nm) with a surrounding shell of 

oxygen atoms formed by saturation of all terminal Mg atoms with oxygen atoms (oxygen atoms 

drawn in red, Mg‐O bonds: yellow lines). The grain boundaries are visualized by the connection of 

the oxygen atoms of the shells. A partially connected crystallite is shown on one side (all oxygen 

atoms of the connected crystallites are drawn in purple, the O‐O bonds formed are shown as red 

lines). 

4.3. Superfilled Rock Salt Structure 

In the MgO films deposited at room temperature, the excess oxygen is responsible 

for the filling of some of the interstitial tetrahedral voids of the rock salt structure. Thus, 

approximately 40% of the tetrahedral voids are occupied, as shown by the Rietveld refine‐

ment. This is a superfilled rock salt structure with a high atomic density. How can this 

unusual arrangement, which  is not normally achievable  in  ionic compounds, be  stabi‐

lized? We begin by examining the oxygen atoms, which are the predominant occupants 

of the tetrahedral sites. On the one hand, the interstitial oxygen atoms form four O‐O dis‐

tances (183 pm), which are larger than the interatomic distances of known dioxygen spe‐

cies, such as peroxides (149 pm) and superoxides (133 pm) ions. At the same time, four 

Mg‐O distances (183 pm) are formed, which are shorter than the Mg‐O distances of tetra‐

hedrally coordinated magnesium in ternary compounds, which are between 190 and 198 

pm  [83]. Thus,  the observed unusual arrangement can be  interpreted as a compromise 

between these two requirements. There is no evidence in the refinements for local larger 

displacements compensating the distance differences or for disordered O2 dumbbells, e.g., 

by unusually large temperature factors for the Mg atom positions. Furthermore, the situ‐

ation for MgO is different from an analogous irregular filling of voids in ZnO, where the 

flexibility of  the wurtzite structure  (the  lattice parameter c can be adjusted against  the 

parameter a)  tolerates  filling both  face‐connected Zn  tetrahedra by oxygen atoms, and 

thus the resulting superoxide ions fit easily into the structure [52]. In contrast, magnesium 

oxide  in the rock salt structure  lacks this possibility (only one free  lattice parameter a). 

Figure 7. Dioxygen species embedded at grain boundaries. Connection of MgO crystallites which
form the rock salt structure: 5 × 5 × 1 supercell (diameter ca. 3 nm) with a surrounding shell of
oxygen atoms formed by saturation of all terminal Mg atoms with oxygen atoms (oxygen atoms
drawn in red, Mg-O bonds: yellow lines). The grain boundaries are visualized by the connection of the
oxygen atoms of the shells. A partially connected crystallite is shown on one side (all oxygen atoms
of the connected crystallites are drawn in purple, the O-O bonds formed are shown as red lines).

4.3. Superfilled Rock Salt Structure

In the MgO films deposited at room temperature, the excess oxygen is responsible
for the filling of some of the interstitial tetrahedral voids of the rock salt structure. Thus,
approximately 40% of the tetrahedral voids are occupied, as shown by the Rietveld re-
finement. This is a superfilled rock salt structure with a high atomic density. How can
this unusual arrangement, which is not normally achievable in ionic compounds, be stabi-
lized? We begin by examining the oxygen atoms, which are the predominant occupants
of the tetrahedral sites. On the one hand, the interstitial oxygen atoms form four O-O
distances (183 pm), which are larger than the interatomic distances of known dioxygen
species, such as peroxides (149 pm) and superoxides (133 pm) ions. At the same time,
four Mg-O distances (183 pm) are formed, which are shorter than the Mg-O distances of
tetrahedrally coordinated magnesium in ternary compounds, which are between 190 and
198 pm [83]. Thus, the observed unusual arrangement can be interpreted as a compromise
between these two requirements. There is no evidence in the refinements for local larger
displacements compensating the distance differences or for disordered O2 dumbbells, e.g.,
by unusually large temperature factors for the Mg atom positions. Furthermore, the sit-
uation for MgO is different from an analogous irregular filling of voids in ZnO, where
the flexibility of the wurtzite structure (the lattice parameter c can be adjusted against the
parameter a) tolerates filling both face-connected Zn tetrahedra by oxygen atoms, and
thus the resulting superoxide ions fit easily into the structure [52]. In contrast, magnesium
oxide in the rock salt structure lacks this possibility (only one free lattice parameter a).
Another very important aspect is the fact that the coordination number of the oxygen atoms
surrounding the magnesium atoms increases drastically from 6 to 14 (=8 + 6) by occupying
the tetrahedral sites.
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A solution to avoid this high coordination number of Mg is a segmentation of the
superfilled rock salt structure into two connected parts, one with oxygen on tetrahedral
sites and another with oxygen on octahedral sites. This scenario is illustrated in Figure 8.
The superfilled rock salt structure is divided into interconnected rock salt and zinc blende
parts with a continuous Mg fcc-type sublattice. Both structures have a 1:1 composition,
with sixfold (212 pm) and fourfold (183 pm) coordination of magnesium through oxygen
and vice versa for the rock salt and zinc blende structures, respectively. In the zinc blende
structure one half of the available tetrahedral sites are occupied. Since the oxygen atoms
occupy one third of the tetrahedral sites (8c: occ = 0.31), which corresponds numerically
to the occupied oxygen atoms on the octahedral sites (4b: occ = 0.63), it follows that the
zinc blende structure and the rock salt structure are present in the sample in equal portions.
In addition, the octahedral and tetrahedral sites are not completely occupied by oxygen
atoms. The presence of magnesium in tetrahedral voids can be described as an inverted
lattice, where the oxygen provides the fcc packing and the magnesium atoms occupy the
corresponding voids. This inverse structural arrangement is readily achievable due to the
interchangeability of the respective sublattices in both structures. The splitting compensates
for the dense atomic packing. Particularly noteworthy is the transition region between
the two structures. In the transition regions, there will be a decrease in the coordination
for magnesium atoms by oxygen atoms from 6 to 5 and finally 4, which is compensated
by the shorter tetrahedral Mg-O distances; in a simple electrostatic model picture, this
would increase the Mg-O Coulomb interaction for each Mg-O pair in a favorable way.
The coordination of the magnesium atoms by oxygen atoms in the zinc blende structure
(4× 183 pm) can also be extended by adding further oxygen atoms with Mg-O distances
of 212 pm. This is in agreement with the present DFT calculations, where the zinc blende
structure in MgO is computed (4× 196 pm HF, 4× 197 pm B3LYP, and 4× 196 pm PBE, see
Supplementary Materials), while the wurtzite and the 5–5 structures have calculated Mg-O
distances smaller than 200 pm. On the other hand, present ab initio calculations concur
with experimental Mg-O distances in the rock salt structure (6× 209–212 pm, see Table 1
and calculated crystal structure data in Supplementary Materials), while other predicted
6-fold coordinated MgO structures in the NiAs and anti-NiAs type are computed to have
Mg-O distances in the range 210–213 pm. In addition, there are some short O-O distances
in the transition region between the oxygen atoms in the tetrahedral and octahedral sites.
The same occurs in the transition region for the Mg atoms occupying the tetrahedral and
octahedral sites. Here, very short Mg-Mg distances of 183 pm are formed. However,
these very short Mg-Mg distances can be avoided by the insufficient occupancy of sites
(tetrahedral and octahedral), and thus the occupancy of magnesium in the tetrahedral site
is also feasible. This structural arrangement helps to understand the superfilled rock salt
structure, which can be stabilized by the locally separated filling of the oxygen sites, thus
forming both rock salt and the zinc blende type structured segments.

In summary, in this superfilled rock salt structure, a face-centered cubic Mg sublat-
tice is present with filled tetrahedral and octahedral voids in separate segments. This
segment-based arrangement prevents the formation of an overly large number of short
(O-O/Mg-Mg) contacts within the superfilled rock salt structure, which would appear if
too many neighboring octahedral and tetrahedral voids were occupied. Moreover, the
short O-O distances present in the transition regions between the two segments can be
easily accounted for by the formation of dioxygen species. The short Mg-Mg distances
that can appear in the transition regions can be avoided by the presence of vacancies in
the Mg sublattice resulting in an oxygen environment around the magnesium atoms on
tetrahedral sites.
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Figure 8. The superfilled rock salt structure of MgO consists of a Mg fcc-type sublattice with oxygen
atoms in octahedral and tetrahedral voids. The splitting into connected segments, where either
the octahedral sites are filled, forming the rock salt structure, or the tetrahedral sites are half-filled,
forming the zinc blende structure, while maintaining the same Mg sublattice, stabilizes this structure
(viewing direction, see lattice parameters a,b,c). In addition, the octahedral and tetrahedral sites are
not fully occupied.

4.4. Raman Analysis

The structural characteristics of the MgO films are also reflected in the Raman spectra.
For example, the O-O distances of the dioxygen species, which are suggested for films
deposited at −190 ◦C to be located in the shell and at 25 ◦C in the superfilled rock salt
structure, respectively, can be associated with the broad bands in the range between 800 and
1900 cm−1 in all Raman spectra of the films. For the films deposited at −190 ◦C, the dioxy-
gen species are located between the crystallites at the grain boundaries, allowing flexible
adjustment of the O-O distances. For the films obtained at 25 ◦C, which form the superfilled
rock salt structure, the O-O distances are more rigidly restricted by the surrounding lattice.
In all cases, the dioxygen species are more or less confined by surrounding atoms. We
recall that the specific wavenumbers in a Raman spectrum are determined by the effective
force constants between the atomic species. This force depends not only on the distances
between the neighboring atoms but also on the surrounding rigid lattice. Calculations of
the Raman vibrations for dioxygen species in ZnO show a shift to higher wavenumbers for
embedded dioxygen species [53]. Thus, for the Raman bands of our films, the range derived
for predominantly free dioxygen ions (840 to 1552 cm−1) can be extended to wavenumbers
up to 1900 cm−1. This also implies that the real O-O distances can be longer than the
ones expected from the specified wavenumbers. In addition to the O-O vibrations, the
Mg-O dominated vibrations should also be reflected in the Raman spectra. The expected
first-order bands of the Mg-O lattice appear between 300 and 800 cm−1, but due to the
structural symmetry of the crystals these bands are only visible for the proposed zinc
blende arrangement and not for the rock salt structure. Disordering phenomena can bypass
this strong rule and thus the broad bands between 300 and 800 cm−1 are assigned to Mg-O
vibrations of a partly disordered lattice. However, only the vibration of the zinc blende
structure or other structures (that do not exhibit inversion symmetry) can lead to sharp
bands. To clarify this, we calculated Raman bands of different (hypothetical) structures and
compared them with our measurements. Table S1 (Supplementary Materials) presents the
calculated Raman wavenumbers of MgO forming rock salt, zinc blende, wurtzite, NiAs,
anti-NiAs, and the 5–5-type structure. The wavenumbers of these structures calculated
using the B3LYP method are also displayed as colored lines in the upper part of Figure 5.

The calculated wavenumbers of all these structures can be divided into two sets.
One group is located at around 800 cm−1 and the second one between 200 and 600 cm−1,
respectively. Both more or less match the two modes of the rock salt structure at 387 cm−1

(TO) and at 770 cm−1 (LO), respectively. However, there is no satisfactory match between
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these calculated wavenumbers and our observed sharp Raman bands at 378 and 418 cm−1

of the films deposited at 25 ◦C. Thus, the structural arrangement of these highly ordered
regions in the films, which are responsible for these wavenumbers, is therefore different
from all the crystal structures used for calculations. This means that the structural variability
in our sample is particularly restricted and is not represented by the our calculated MgO
structures. In addition, we have calculated the wavenumbers of MgO2, which crystallizes in
the pyrite structure. The calculated wavenumbers are between 400 and 500 cm−1 next to the
O-O mode of the peroxide ion between 830 and 1092 cm−1 (cf. calculated crystal structure
data in Supplementary Materials). This result confirms the observed sharp wavenumber at
1002 cm−1 as an O-O stretching mode, but does not allow a clear assignment of the other
two sharp wavenumbers of the Raman spectra of MgO films obtained at 25 ◦C.

The structural disorder we consider for the MgO films can, in principle, also exist in
a modified form in MgO crystals. The detection of noticeable amounts of O2 molecules
and peroxide ions inside the MgO crystals (Raman, XPS) indicates that a certain amount of
disorder must be present, which then also influences the Mg-O distances. Since the first-
order Raman bands are not observed, the measured Raman intensities of MgO are generally
low. Thus, the observed Raman bands are usually attributed to second-order scattering,
which, practically by definition, will be of rather low intensity. However, it is also possible
that these bands originate from the disorder present in the MgO crystals. Furthermore,
the relatively sharp bands at 897 and 1021 cm−1 can be assigned to peroxide ions, the
one at 1557 cm−1 to the O2 dimer, and the broader band at 1113 cm−1 to superoxide ions,
respectively. Similarly, the high-intensity broad band at about 800 cm−1 should belong to
the LO mode, and the one between 200 and 400 cm−1 to the TO mode of MgO, respectively.
The latter modes are only weakly visible due to disorder. In addition, many sharp bands
are observed in the region around 100 cm−1, which is dominated by Mg-Mg vibrations.
Thus, all the bands in the Raman spectrum of single-crystal MgO can be attributed to
the corresponding disorder caused by the embedded O2 molecules, without needing to
consider any second-order excitations.

4.5. Dioxygen Species and Charge Balance

The formation of peroxide ions in the MgO system is not new. First of all, magnesium
peroxide MgO2 exists as a bulk material (e.g., precipitation from a solution of H2O2)
crystallizing in the cubic pyrite structure with a lattice constant a = 484.41 pm [84], which
is in good agreement with our GGA-PBE, B3LYP and Hartree–Fock calculations (483.1 to
490.4 pm, see Supplementary Materials). In principle, this is 15% higher than the lattice
constant of MgO (rock salt structure). MgO and oxygen also react at approx. 1880 ◦C and
96 GPa to form MgO2 [77]. Electron microscopy studies show the formation of crystalline
MgO2 thin films on the surface of MgO crystals after heating the samples to about 1200 ◦C
under high vacuum [85]. XPS measurements also support the presence of MgO2 on the
surface of MgO films deposited at room temperature [80]. Furthermore, the analysis of
the growth process [38] reveals that the singlet oxygen atoms strongly bind to the surface
oxygen, forming stable peroxide ions, while oxygen atoms in the metastable triplet state
can diffuse on the surface over a wide temperature range. In contrast, the molecular
oxygen is very loosely bonded to the surface and can only be incorporated by reacting
with defects such as O vacancies. Thus, these studies support the presence of dioxygen
species (peroxide ions, etc.) and also the insertion of oxygen in our films, especially when
deposited at −190 ◦C. The formation of peroxide ions is accompanied by a reduced anion
charge (2O2− → O2

2− + 2e−) compared to the oxide ions, which compensate the higher
oxygen content.

For TS = 25 ◦C, the Rietveld refinements of the films show an excess of oxygen for the
superfilled rock salt structure. Due to the largely identical electron density of Mg2+ and O2−,
the composition determined by the Rietveld method of the superfilled rock salt structure is
prone to error. Conversely, the EDX and XPS analyses provide more reliable values, with a
composition that is nearly stoichiometric for these films deposited at 25 ◦C. Nevertheless,
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the local formation of dioxygen species is supported by the structural segmentation as
discussed above. Thus, a local charge imbalance seems possible, even if the specific
realization remains unclear. In principle, a negative charge excess can also be compensated
by reducing the oxidation state of the magnesium atoms from Mg2+ to Mg+ or even Mg0.
An indication of this seems to be the formation of a black MgO film, which we obtained
in one experiment at room temperature. The black color can be caused by mixed-valent
magnesium ions, in analogy to the nonstoichiometric transition metal oxides. Furthermore,
the d0 ferromagnetism of MgO films can be triggered by this circumstance. Black MgO
films have also been obtained on cooled shielding plates by ballistic deposition of MgO
using an electron beam evaporator [86]. The occurrence of black films is explained by an
oxygen-deficient MgO matrix containing metallic magnesium. However, our columnar
black MgO film shows no signals of metallic magnesium in the XPS spectrum (Auger KLL)
and is stoichiometric.

The charge balance situation is different for the films deposited at −190 ◦C, where the
EDX data give a ratio of Mg:O = 1:1.5. In this case, the charge is balanced when the excess
oxygen atoms form neutral O2 dimers at the grain boundaries. However, these species
experience almost no attractive bonding to the crystallites. For a weak bond formation of
these dioxygen species at the grain boundaries, charge transfer from the oxide ions of the
crystallites to the dioxygen species can occur. This should lead to an expansion of the Mg-O
distances (next to the O-O distances of the shell), followed by an increase in the lattice
constant, which is observed for our films (cf. Table 1). The Raman results also support the
formation of different dioxygen species in these films by the many bands observed in the
region of the O-O stretching vibrations.

4.6. Surface Species and Bond Formation

The analysis of the MgO growth process reveals that magnesium atoms readily evap-
orate from substrates at room temperature [87] and must be captured by oxygen to form
MgO [88]. Thus, a critical oxygen flux is required to initiate the growth process. Further-
more, the known low diffusivity of MgO molecules leads to the formation of defects at room
temperature [41], and the incorporation of oxygen atoms, that are not fully coordinated
by magnesium, occurs at substrate temperatures of about 500 ◦C [37]. This means that the
components (Mg, O, O2) are very volatile while the formed MgO species are rather immo-
bile. One reason for this could be the large enthalpy of formation of MgO which is reflected
by a high Mg-O bond energy and a very low enthalpy of MgO at standard conditions. The
formation enthalpy of MgO per atom is 300.6 kJ, which is at the same high level as the
released enthalpy for the formation of Al2O3 (corundum, 335 kJ per atom [2]). This highly
exothermic reaction is used, for example, in the Goldschmidt process for joining railroad
tracks by iron welding. Therefore, for the formation of Mg-O species on a substrate, another
molecule or atom (collision partner) is required to conserve the energy and momentum,
otherwise the Mg-O can easily re-evaporate again. In this context, we note that in contrast
to the gas phase, the surface can take up excess momentum and energy associated with the
reaction. However, as simulations have shown [89], this loss of energy usually cannot take
place instantaneously, i.e., several collisions are required to do so with a partial loss of en-
ergy and momentum at each bounce, and thus the atoms and molecules experience several
bounces on the surface until they are fully adsorbed on the surface and can form bonds
with each other and the surface atoms. The observed dependence of MgO deposition rates
on oxygen pressure (onset at low pressure and decrease at high pressure [34]) can also be
attributed to this effect. Only in a limited intermediate range can the released bond energy
be distributed and MgO film growth start. At lower and higher pressures, the formed Mg-O
species desorb again. This goes hand in hand with high deposition rates, which involve
enough collisions that are necessary for the growth of MgO using the elements, magnesium
and oxygen. In our experiments with an oxygen pressure of 2.5 × 10−5 mbar, no MgO
deposition is optically visible at Mg source temperatures below 370 ◦C. Furthermore, the
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high enthalpy of formation is responsible for the low effective mobility of the formed MgO
species, once the energy released has been absorbed by the substrate.

4.7. Structure Nomenclature

Finally, a note about our terminology ‘superfilled rock salt structure’. An fcc packing
of atoms with all tetrahedral and octahedral voids filled is described in the literature as the
Cu2MnAl structure type (ICSD, inorganic crystal structure database) or as the BiF3 type
(ICDD, international center for diffraction data), and sometimes also as the Li3Bi type. This
structure type is common in alloy systems, but not in ionic compounds. Only metalloid rare
earth hydrides [90], lithium nitride [91], and sodium nitride [92] under very high pressure
crystallize in this structure. According to recent results, even BiF3 does not form this crystal
structure [93]. Thus, there appears to be no purely ionic compound that forms this structure
under standard conditions, and therefore we feel that it does not make much sense for
us to refer to alloy compounds. Furthermore, the tetrahedral and octahedral sites in the
fcc packing of the Mg atoms in the MgO films obtained here are only partly occupied in
our superfilled rock salt structure. Therefore, the labeling of the structure in our films as a
superfilled rock salt structure is more suitable than to talk about a partially filled Cu2MnAl
type structure. Furthermore, this terminology also more clearly maintains the relationship
to the standard rock salt structure of MgO.

5. Conclusions

While both magnesium oxide and peroxide are known as bulk materials, the formation
of MgO2 in films has only been observed on the surface of MgO films. In the present study,
the deposition of magnesium together with activated oxygen in the ballistic deposition
region allows the incorporation of dioxygen species (O2

2−, O2
−, O2, etc.) located at grain

boundaries, and as interstitial oxygen filling tetrahedral sites in the MgO rock salt structure.
However, the details of the deposition process influence not only the film morphology but
also result in very different atomic structures of the MgO films.

The combination of high deposition rates and very low substrate temperatures
(TS = −190 ◦C) leads to embedded dioxygen species in the grain boundaries of nanome-
ter sized (rock salt-type) crystallites of the polycrystalline MgO films. Since the dioxygen
species mainly reside in the grain boundaries separating the crystallites, their O-O distances
are very flexible.

In contrast, films prepared via high deposition rates at room temperature result in a
superfilled rock salt structure, where a face-centered cubic Mg sublattice is present with
filled tetrahedral and octahedral voids in separate segments. In the transition regions
between the two segments, there are short O-O distances that can easily be attributed
to dioxygen species. Due to the rather rigid Mg atom lattice, the range of feasible O-O
distances in the case of the superfilled rock salt structure is much more limited than for the
dioxygen species located in grain boundaries.

This is the first instance in which the presence of dioxygen species, including peroxide
and superoxide ions, has been observed throughout the entire, micrometer-thick MgO
films. A further major result is the recognition of the substantial impact the substrate
temperature and the ballistic deposition rate during the deposition process have on the
films obtained. Just by changing the deposition temperature, it is possible to generate
two different types of MgO films: compact, light-yellow films (TS = −190 ◦C) with an
excess of oxygen atoms surrounding small rock salt type MgO crystallites, and columnar,
white films (TS = 25 ◦C) exhibiting a superfilled rock salt structure. Furthermore, these
results demonstrate the impact of the high ballistic depositions rates, which are essential
for the stabilization of the dioxygen species within the MgO films. These insights open up
new prospects for fine-tuning the properties of such films and enhance the performance of
devices employing MgO films, such as the textured MgO buffer layers employed in the
fabrication of tapes made of high-temperature superconductors for use in coils, which are
prepared by a ballistic deposition process [86].
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