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Abstract: Doping process is widely used to improving emission performance of MgO films thicker
than 10 nm via assisting the surface recharge and changing in electron structure. The present paper
briefly reviews this strategy in a search for the new materials and structures being effective for
secondary electron emission (SEE) and their diagnostics. Then, Metal-Organic Chemical Vapor
Deposition (MOCVD) coupled with the specially selected precursor is suggested here as a new
technique that transforms the refractory oxides to nanoscale, defect-disordered materials able to
solid-solid interaction at 450 ◦C. Primary experiments have been performed for demanded mixed
films based on MgO with ZrO2 and CeO2 additions. A dopant impact on facilitating the formation of
oxygen vacancies in the host oxide and on the features of new mixed phases have been studied by
new diagnostic means, based primarily on chemical method of differential dissolution. The method
brought out the effective solvents that were the probes for identifying the nanoscale and amorphous
phases possessing by the different defects on the surface of MgO films and determining contents
of these phases. This approach allowed us to explain the origin of mixed phases and to estimate
contribution of each from them in the macroscopic SEE properties.

Keywords: secondary electron emission; magnesium oxide; doped films; composite films; chemical
vapor deposition; chemical method of phase analysis; cerium dioxide; zirconium dioxide

1. Introduction

Secondary emission is a phenomenon where primary incident particles of sufficient
energy, when hitting a surface or passing through some material, induce the emission of
secondary particles. This offers significant scientific interest and possesses a number of
current and potential optoelectronic applications. Magnesia is one of the main materials
studied in this topic since it exhibits high dielectric and second electron emission (SEE)
properties and excellent thermal and thermodynamic stability [1,2]. Thin MgO films
are very attractive as a protective layer in alternative-current plasma display panels and
as effective emission coating on glass microchannel plates (MCPs) [1,3]. The latters are
currently ones of the most effective electronic multipliers. These devices are integral parts of
an image intensifiers designed to convert an image invisible to the human eye into a visible
one and enhance its brightness (thermal imagers, night vision devices, γ-ray converters,
etc.). For this application, the ~10 nm films are ideal to achieve high SEE coefficient (SEEC)
at relatively low primary electron energy (100–1000 eV) [1]. The studies on the effect of the
film thickness on SEEC of MgO and Al2O3 deposited by atomic layer method (ALD) clearly
indicated the superiority of MgO. Specifically, for 20 nm MgO and Al2O3, the maximum
SEEC values were 6.9 and 4.1 [1,4]. The III-Y semiconductor compounds including GaAs,
GaP, and GaAsP which can be made only with thickness of a few micrometers, would not
do for such coatings because their high SEEC may be achieved with extremely high-energy
primary electrons being larger than 10 keV [1]. Since the film thickness and SEEC value
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are strongly sensitive to deposition conditions forming microstructure and morphology,
MgO films synthesized by different methods possess different emission properties. So,
SEEC = 8.3 at 1.3 keV was found for MgO nanowires [5]; SEEC of ca. 7 was observed for
MgO prepared by pulse metal-organic chemical vapor deposition (MOCVD) [6]; SEEC
between 4.8 and 6.9 at 550 eV was found for thin films deposited by ALD [1,7,8]. It should
be noted that MgO films prepared by high-energetic and high-temperature techniques
show the relatively low SEEC in the range of 3–4 eV, what is unfit for use them as stable
emissive coating [9–11].

At the same time, thicker (>10 nm) MgO films are needed to provide the long-time
operating under a continuous bombardment of a high-density primary electron beam.
This encounters with the surface charging issue and leads to degradation of SEEC. In
this case, doping to films MgO is widely used in the hope that combination of dopant
and matrix ingredients can provide novel physical and chemical properties. Addition
of conducting metal microcrystals to the thick MgO films is suitable for suppressing the
surface charging effect due to altering the surface composition and lowering electron affinity
(EA). If a dopant dissolved in MgO facilities the formation of different vacancies, changes
of bandgap energy (Eg), surface morphology, and density of films occurred. It follows
that deposition method has a great effect on these properties. Among reported methods,
electron beam evaporation, high temperature deposition, ion-beam assisted deposition
and magnetron sputtering are more often used for MgO thin film deposition. However,
such MgO films being with the large amount of different kinds of defects exhibit instability
under constant electron/ion bombardment and the operating stability and lifetime of the
MgO films became not satisfactory for application them as electron multipliers [1,11].

Chemical methods, such as ALD and MOCVD alongside their capabilities to produce
oriented nanostructures with controlled dimension of crystallites, show a great potential
for generation defective state of thin MgO films [1,12,13]. Advances of ALD in deposition
of MgO materials with SEEC greater than 3 on planar substrates and glass MCPs were
described in [1,13]. Our recent fundamental investigations have proved that MOCVD
combined with the specific precursor can generate at a temperature of 450 ◦C the surface
single oxygen vacancies named as Fs, having the highest defect donor level in energy band
of MgO films and induces some oxygen non-stoichiometry in such refractory oxides like
RuO2 and ZrO2 [14–16]. From this point, new avenues are opened for interaction of the
defective-disordered and well-stirred nanoscale crystallites of two oxides deposited by
MOCVD to change the SEE properties of the mixed films. The structure of the paper is
follows. We started with a review of recent available works devoted to the mixed films
in an effort to enhance SEE properties of MgO. The general trends extracted from these
references allowed us to select the mixed systems to be the subject of our experiment,
to use the MOCVD procedure for the surface lattice reconstruction and to apply a new
combination of diagnostic means providing more reliable and correct information on the
chemical and phase state of the nanoscale and even amorphous mixed films. These factors
as we shall see subsequently are crucial in the macroscopic SEE properties. The correct
physicochemical interpretation of the mixed films is large demand in practice and remains
a challenging task.

2. General Trends

There is a sufficient number of works where enhancement of SEEC of the relatively
thick (>10 nm) MgO films was observed due to lowering EA due to the surface embedded
metal. So, composites such as MgO/Au and Au/MgO modified by Zn and Al, showed
high SEE, but despite modifying MgO, the films remained to be unstable during func-
tioning [17–24]. The ALD fabrication of the Al2O3/MgO and MgO/Nb/MgO laminated
composites with encapsulated MgO and nanoscale Nb layers was of interest for coating
due to enhancement of SEEC [25,26]. This effect was explained via an occurrence of highly
dispersed, conducting impurity Al particles distributed between the matrix grains [25]
and via inducing the Fs center by embedded Nb metal in MgO during laser annealing [26].
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The other nanoscale metals as Cr, Ti, V, In, and Ta were also able to create Fs centers
increasing SEEC of composite although to a lesser degree [26]. The strategy of preparing a
Zn-doped MgO layer on the surface of MgO/Au composite resulted in the higher SEEC
that was kept constant all the time under continuous electron bombardment of 200 eV,
and this improvement was the most effective due to electrical conductivity induced by Zn
doping [23].

The idea that enhancement of the SEEC magnitude electron-or ion induced is linked
with dissolution of appropriate oxide dopant in MgO, led to occurrence of many works
where interaction between mixed oxides taken in pairs was investigated. The increase of
SEEC induced by Auger neutralization of He+, Ne+, Ar+ and Xe+ ions was predicted first
of all theoretically for MgCaO, MgSrO, and MgBaO [27]. The higher defect level for Ti-,
Cr-, Fe-, Ni- and Zn-doped MgO lying above the valent band of MgO was also calculated
to show its advantage for getting larger SEEC and high chemical activity of the doped
films from which Ti and Cr appears to be more perspective components [28,29]. The oxides
of different valence were tested in the search of the best effect on SEE properties of pure
MgO. This was arranged by addition of alkaline metal oxides [30–33], alkaline-earth-metal
oxides [34], transition metal oxides [35–38], rare earth oxides [39–45] and others [46–49].
The surprising thing was that results of all the studies after the additives showed a certain
enhancement of SEE properties of MgO relate to the pure MgO although often this effect
remained without any explanation.

In terms of isovalent and heterogeneous isomorphism, the dissolved oxides with
valence lower than MgO should provide the largest effect in generation of the Fs defects in
MgO lattice. The experiment with alkaline metal oxides support well this idea: in the mixed
MgO films, the F and F+ defects detected by cathode-luminescent technique were of main
source of reducing initial firing voltage and increasing conductivity of the films [30–33]. For
two-valent oxides, low solubility as ≤1 at.% (more often it is the detection limit rather than
the real magnitude) and isovalence solid substituting could not radically alter the oxygen
vacancy amount and only lowering EA via surface structural modification was taken to
explain the SEEC change [34,36]. Additions of the Sc, Y, La, Nd-ternary-valence rare earth
oxides to MgO at 450 ◦C resulted in amorphous films which had some enhancement of
SEEC; it was interpreted due to altering the composition surface [39,44] or as irregular
intergranular distribution of nanoscale rare earth (RE) oxide particles on the surface MgO
films [36,40]. The last explanation was in the line with results of the high-temperature
phase diagrams of the RE2O3–MgO systems from which no chemical reactions between
these oxides would be expected at solidus temperatures below 1200 ◦C [41,50]. At the
same time, the 99% transmittance in the visible range was found for MgO film doped by
the 4.1 at.% of Al+3 which was related to the real solid solubility of Al2O3 in MgO [46].
The reason for the different behavior of RE3+- and Al-oxides may be linked with different
positions of the cations in the electronegativity series and different ionic radii of Al and RE
metals: r(Al3+) is well smaller than r(Mg2+) whereas radii of RE3+ are well larger.

The experiments with the four-valent oxide additions such as TiO2, CeO2 and ZrO2
to MgO demonstrated also enhancement of the SEEC films. In terms of crystal chemistry,
the solid solubility of these oxides in the MgO lattice should produce the Mg2+ vacancies
that are acceptors rather than donors [40]. It is reasonable to think that the observed
enhancement of SEEC in the mixed oxides which is usually linked with the basicity of MgO
surface enriched by active donor centers, resulted from more complex defect structure
where total concentration of surface donor sites exceed that of surface acidic sites. However,
based on the high-temperature phase diagram for MgO–ZrO2 system, the solid solubility
of ZrO2 in MgO at 450 ◦C is highly improbable [51]. For the MgO–CeO2 system prepared
by different ways in the temperature range between 450 and 750 ◦C, the physical mixture
of the individual oxides is more typical situation [42,43,45], although the solid solubility, if
any, as less than 4 mass.% and the cubic ceria-based solid solution (CeMg)O2 were detected
in the calcined in air sol-gel powders [40,42]. At 1750 ◦C, for CeO2 specimen milled and
fired together with MgO, the solid solubility was found to be less than 5 mass.% according
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to the X-ray diffraction (XRD) study [41]. Most likely that the understanding of the real
defect states of these mixed oxide films are far short of optimum and it is the major reason
of conflicted description of the acidic-basic behavior of the mixed systems.

More emphasis was given to the ZrO2–MgO system because ZrO2 with a lower work
function than MgO was able to enhance SEEC and discharge characteristics of the mixed
films [28,36,39,47–51]. In Ref. [36], such enhancement was related to the changes in energy
band structure and surface properties based only on measuring of electrical and discharge
properties of the mixed films relative to the pure MgO with no tangible evidence. In other
references, changes in the surface morphology, microstructure, diffraction peaks, the surface
and mean compositions were examined together with the discharge and SEE properties. As
a result, more information on the mixed films were get although the relationship between
physicochemical and physical characteristics did not always showed regular rules and
mechanism of improvement remained to be not clarified. In these cases, authors pointed to
the necessity of further in depth study to understand which properties of really affect the
MgO-base emission characteristics of the films [39,47].

In the light of getting new experimental information on the behavior of the mixed
systems, we focused on MOCVD procedure. This approach becomes especially attractive
because of the ability of MOCVD to generate the very active Fs defects in MgO in reasonable
amount that could minimize negative effect of the acceptors induced by the solid solubility
of the oxide dopant in the surface layers of the Mg–X–O (X = Ce, Zr) films. MOCVD
process with magnesium and cerium acetylacetonates as precursors has been used earlier
to produce mixed films at 505 ◦C but it was done in atmospheric air, where the possibility
to generate the Fs defects in the surface of MgO film is eliminated totally [43]. In our study,
we hope to produce both oxides in the defected-disordered state to accelerate the diffusion
process and realize the solid-phase interaction between them. In the expectation of very
low amounts of the dissolved oxide dopant, our attention was focused on new diagnostic
means able to reliable determining the phase and chemical state of the films.

Analysis of the existing literature showed serious problems in correct characteriza-
tion of the phase and chemical states of the mixed films possessing a variety of defects
that all contribute in enhancement of SEEC. One can see that the Eg of the doped MgO
films are linked to either independent but competitive or simultaneously contributing
phenomena which are produced from the presences of: (i) oxygen and Mg vacancies; (ii)
the varied extend non-stoichiometry; (iii) the various atomic associations in the lattice
and (iv) the nanoscale size of the crystallites and microstructure [14,52–54]. Therefore,
the powder X-ray diffraction was limited in revealing nanocrystalline size, lattice strain
and structural modification of surface because all the characteristics contribute in the
brooding, attenuating and shifting of the same peak, and the more so, this method is
useless for diagnostics of nanoscale and X-ray amorphous films [37,41]. Notable, that
the data on mean and surface chemical composition that are provided by X-ray energy
dispersive spectroscopic (EDX) and X-ray photoelectron spectroscopic (XPS) methods
becomes distorted with hydroxylation and carboxylation of the films. It is associated with
the presence of exceeded oxygen from OH−- and CO3

2−-groups that shifts and broads the
full width-half-maximum of the O 1s core level BE might and increase total oxygen content
up to 56 at.% [14,36,37,52,53]. Ultraviolet photoelectron spectroscopy, optics and reflection
electron energy loss spectroscopy are also sensitive to the hydroxylation effect and cannot
detect selectively individual types of the F defects in the presence of the impurity oxygen
atoms [42,48,52,54]. In such a situation, preference was given to differential dissolution
(DD) method which inherently performs at once the phase and chemical analyses of the
simple and complex films as it was shown before in [14–16,55,56]. Combining DD data
with those obtained by XRD, scanning electron microscopy (SEM) and measuring SEEC
of the films, we were in the certainty to get the exhaustive structural, chemical and phase
information and to explain what the phase component and in what manner contributes in
enhancement of SEE properties.
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3. Materials and Methods

The mixed oxide films of Mg–X–O systems (X = Zr, Ce) were prepared via MOCVD
technique using an original hand-made vertical cold-wall reactor described in the previous
papers [14,15]. The experimental conditions used here are shown in Table 1. Specifically, the
well-proven complex Mg(tmeda)(thd)2 (tmeda = N,N.N’,N’-tetramethylethylenediamine,
thd = 2,2,6,6-tetramethylheptane-3,5-dionato) was used as a magnesium oxide precur-
sor [14,15]. To exclude the ligand exchange during co-deposition process, zirconium(IV)
and cerium(IV) volatile precursors with the same β-diketonate anion, Zr(thd)4 and Ce(thd)4,
were selected in combination. All the volatile precursors used here were prepared through
the common synthetic methods described elsewhere [57,58]. The complexes were purified
via double vacuum sublimation and characterized by elemental analysis (CARLO-ERBA-
11008). For Mg(tmeda)(thd)2 (C28H54O4N2Mg, CAS 302351-10-6) found (mass.%): C 66.5,
H 11.0, N 5.3; calculated: C 66.3, H 10.7, N 5.5. For Zr(thd)4 (C44H76O8Zr, CAS 18865-74-2)
found (mass.%): C 64.1, H 9.0; calculated: C 64.1, H 9.3. For Ce(thd)4 (C44H76O8Ce, CAS
18960-54-8) found (mass.%): C 60.6, H 8.8; calculated (%): C 60.5, H 8.8.

Table 1. MOCVD experimental conditions to prepare Mg–X–O mixed films (X = Zr, Ce).

X Zr Ce

X precursor Zr(thd)4 Ce(thd)4
Source 1 temperature, ◦C 134–165 140

Magnesium precursor Mg(tmeda)(thd)2
Source 2 temperature, ◦C 110

n(Mg)precursor:n(X)precursor * 2:1–10:1 9:1
Deposition temperature, ◦C 450–500 450

Deposition time, min 60–120 90
v(Ar), sccm 25 (source 1), 25 (source 2)
v(O2), sccm 17

Total pressure, Torr 10

* precursor molar ratios calculated from the mass loss in the sources.

Within all the experiments, the temperature and amount of the magnesium pre-
cursor source were constant, ensuring that the precursor enters the reactor at a rate of
5 × 10−4 mmol/min. The source temperatures of the zirconium precursor were var-
ied within such a range that its transfer rates were (0.5–2.5) × 10−4 mmol/min. In
the case of cerium, test experiments were carried out at a precursor transfer rate of
4.5 × 10−4 mmol/min. The Si(100) plates (1 × 1 cm2) were used as substrates. The aging
procedures of the as-deposited samples comprised prolonged storage in air (25 ◦C, relative
humidity of 70%) or in a vacuum (25 ◦C, desiccator, 5 × 10−3 Torr).

The X-ray diffraction (XRD) study of the deposited films was performed on Shimadzu
XRD-7000 (CuKα radiation, Ni filter, 2θ = 5◦–60◦) using a common software (PowderCell
2.4 and WINFIT 1.2.1). The morphology was examined by scanning electron microscopy
(SEM, JEOL-ISM 6700 F, Tokyo, Japan), and the elemental composition was evaluated by
EDX (EX-2300BU, JEOL, Tokyo, Japan). The film thicknesses were estimated from the
SEM cross-section. The SEEC measurements were carried out within a range of energy of
primary electrons (Ep) of 50–1200 eV as described in the previous works [14,15].

Since the active surface oxygen vacancies and less-coordinated morphological sites
are best determined through their different solubility in the acidic solvents, differential
dissolution (DD) [14–16,56] was carried out in the specially induced dynamic regime
with progressively increasing concentration of solvent, i.e., its chemical potential µ, that
provided sequentially transfer of the phases into solution (Figure 1a). The solvent went
over a film with a constant velocity, dissolving the ~5 Å/cm2 layer, and each solvent
portion was fed by peristaltic pumps with a frequency of 1 s to the analyzer detector, an
inductively coupled plasma atomic emission spectrometer (ICP AES, model 262477-364A,
Baird, Zoeterwoude, Holland). The ICP AES analyzer detector determines simultaneously
of all elements of the test films except for O ions, with the sensitivity at 10−3 µg mL−1, error
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at 1%–5% [14,55]. In this experiment, the solvent varied in order of increasing its chemical
potential from water to 0.01 N HCl, then to 3 N HCl, and finally to 3 N HF with progressive
heating from 20 to 80 ◦C. The HF acid was held to be a good solvent for bulk stoichiometric
ZrO2 and CeO2 [55]. The metal cations were determined in 200–300 portions, and the
kinetic curves were constructed from which the phase state and elemental stoichiometry of
solid oxide species were revealed. The defected oxides with more basic character (Figure 1,
blue and green peaks) than stoichiometric oxides (Figure 1, red peak) are dissolved either
in hot water or in more weak acids like 0.01 N HCl for MgO (Figure 1c) and 3 N HCl
for ZrO2 (Figure 1b). As a result, we consider 3 N HCl as a probe of the defective ZrO2,
whereas 3–4 N HF is a probe of stoichiometric ZrO2. The hot water is a sensitive probe for
MgO modified by the Fs defects, 0.01 N HCl is a probe for oxide whose surface is modified
by CO3

2− and 3 N HCl is a probe for Mg-carbonate.
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4. Results

To understand the key parameters controlling surface state of the mixed films during
MOCVD, we could invoked the equilibrium diagrams with the partial pressure of all
volatile species for the Mg(tmeda)(thd)2 decomposing in vacuum and oxygen, which
were calculated for the molar nO2/nprecursor ratio equal to 15 and total pressure 10 Torr
(Figure 2a,b). Figure 2b demonstrates the gas-phase medium at 450 ◦C (723 K) consisting
mainly from CO, H2 species with total pressure of close to 10 Torr and where CO2 and H2O
have low contents. This gas medium, as almost free from oxygen, generates the Fs defects
in MgO, which are the strong basic sites and active donors of electrons [14]. Addition of
another precursor such as Zr(thd)4 changes of the gas medium through the formation of
quite stable CHx, C(CHx) gas species [59–62] that are converted to CO2 and H2O molecules
during MOCVD process increasing the amounts of undesired carbon dioxide species.
These molecules adsorb easily firstly on very active morphological sites, and then, on the
Fs defects, when the first sites are already occupied. Thus, for the mixed films, a high
probability occurs that with increasing of CO2 in the gas medium, carboxylation will be
extended to the basic Fs sites reducing their donor activity. In this case, the morphological
active sites of the mixed films being good tarps of CO2 vapor acquire importance to keep
the Fs defects and ensure a high SEEC.
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A considerable data capacity on the mixed films prepared at different conditions for the
MgO–ZrO2 and MgO–CeO2 systems was carried out using XRD, DD, and SEM along with
EDX technique and measurements of SEEC. In this paper, only several examples are shown
that were the most interesting in the context of studying the mixed films (Figures 3–7).

The XRD patterns of the films (Figures 3c, 5c, 6c and 7c) confirmed the presence of per-
iclase cubic single-oriented MgO due to the only low-intense (200) MgO peak. Otherwise,
no film-related reflexes are present (Figure 4c). From this (200) peak, the lattice parameters
and the crystallite sizes as coherent scattering ranges were estimated to varied from 4.211(3)
Å and 75(8) nm (Figure 5) to 4.192(3) Å and 13(1) nm (Figure 6) for Mg–Zr–O films. The
lattice parameter of bulk MgO is 4.213 Å, while for the previously MOCVD-obtained
MgO films with the Fs defects it was 4.203(5) Å that was explained by the vacancy occur-
rence [14]. This shrunk lattice parameter is probably associated with the Zr4+ incorporation
generating the oxygen vacancies due to shifting oxygen ions towards Zr4+ cations with
weakening Mg–O binding. The compressive stresses generating vacancies in MgO on Mg2+

substitution by any four-valent cations is well-known [42]. However, to support this idea
on the substitution effect, the Zr presence in MgO should be determined by other means.

The growth rate of the Mg–Zr–O films varied in the range of 1.5–3.0 nm/min resulting
in 90 nm thickness (Figure 4) or in 230–250 nm (Figures 3, 5 and 6). For the Mg–Ce–O
film, the growth rate was 1.8 nm/min and thickness ~160 nm. From Figures 3a, 4a, 5a,
6a and 7a one can see that there is some difference among morphologies of the mixed
films and their morphologies do not resemble with morphology of the pure MgO film
that was represented by the 100 nm uniform quadrangle polyhedral particles [14]. The
films are composed of (i) quadrangle irregular in size polyhedral particles being big
(250–300 nm) and small (<100 nm) (Figure 3a); (ii) plane-parallel plates uniform in size
(Figures 5a and 7a); (iii) sphere large agglomerates composed from fine particles (Figure
6a) and (iv) very fine particles which were x-ray amorphous according to XRD pattern
(Figure 4a). The pore structure formed by void spaces between polyhedral particles and
agglomerates reduces in the following sequence: Figure 5a→ Figure 6a→ Figure 4a→
Figures 3a and 7a and its changes depend on zirconium content (Table 2). According
to the surface SEM images, the surface roughness increases in the following sequence:
Figure 6a→ Figure 5a→ Figure 7a→ Figure 4a→ Figure 3a, although the cross-sectional
SEM images of the films demonstrate a columnar growth and a smooth interface between
columns. These characteristics demonstrate that the polyhedral particles possess more
morphological defects that are manifested as configuration of edges, corners or crystal
planes. SEM examination added little to detect particles like ZrO2 or CeO2.
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Table 2. The chemical characterization of the mixed oxide films deposited by MOCVD from a combination of
Mg(tmeda)(thd)2 and X(thd)4 precursors (X = Zr, Ce).

Figure Metal Atomic Ratio (DD) Carbon Content, at.% (EDX) 1 The Main Oxide Species (DD) Amount, Mass.%

Figure 3 Mg/Zr = 50 9

MgO1−x basic surface 70

MgO1−x modified by CO3
2− 10

ZrO2−x basic surface 15

MgO1−x modified by OH− 5

Figure 4 Mg/Zr = 9 47

MgO1−x basic surface 30

MgO1−x modified by CO3
2− 25

MgO–ZrO2 nano-mixture 40

MgO1−x modified by OH− 5

Figure 5 Mg/Zr = 11 22

MgO1−x basic surface 55

MgO1−x modified by CO3
2− 15

(ZrMg)Ox intermediate 25

MgO1−x modified by OH− 5

Figure 6 Mg/Zr = 10 24

MgO1−x basic surface 50

MgO1−x modified by CO3
2− 25

(ZrMg)Ox intermediate 20

MgO1−x modified by OH− 5

Figure 7 Mg/Ce = 11 24

MgO1−x basic surface 50

MgO1−x modified by CO3
2− 10

CeO2−x basic surface 25

MgO1−x modified by OH− 15
1 Carbon content in non-doped MgO film was 5 at.%.
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The atomic metal ratios were determined through the complete dissolution of films
with the determination of the metal content by ICP AES during the DD experiments
(Table 2). The Mg/Zr and Mg/Ce ratios in the formed films strongly depend on the
thermochemical characteristics of the precursors used in co-deposition, namely, on the
temperature stability of the vapors. In particular, for magnesium and cerium precursors, the
effective MOCVD temperature ranges coincide: >400 ◦C [14,63]. This indicates the efficient
vapor decomposition of both compounds Mg(tmeda)(thd)2 and Ce(thd)4 at the deposition
temperature 450 ◦C used here. Indeed, the Mg/Ce ratio in the obtained films is close to that
specified by the mass transfer of the precursors. In contrast, the zirconium precursor has a
higher thermal stability [62]. Thus, the decomposition of Zr(thd)4 at 450–500 ◦C was not so
efficient, which caused a lower zirconium content in the films. The amount of zirconium
coherently increased with an increase in the deposition temperature. Notable that the
sample obtained at the highest temperature and with the highest molar transfer rate of the
zirconium precursor is amorphous (Figure 4). In this case, the excess CO2 occurring from
the precursor in the gas medium is adsorbed actively on the fine particles and prevents
their continued growth.

One can see that DD analysis was extremely helpful in detecting the variety of the
phase state and chemical composition of the oxide species in the mixed films (Figures 3d,
4d, 5d, 6d and 7d). All the DD spectra consist of several peaks indicating heterogeneous
phase state of the films. The relation of these peaks with nature of oxide species modified
by different defects was made based on probes shown above in Section 2. The oxide species
dissolving in various solvents, from the weakest to the strongest ones, have been identified
as follows and their amounts are collected in Table 2:

• dissolving in H2O: magnesium oxide modified by hydroxyl groups (MgO1−x modified
by OH−);

• dissolving in hot H2O: magnesium oxide species modified by Fs (MgO1−x basic
surface);

• dissolving in 0.01 N HCl: magnesium oxide modified by Fs with upper layer modified
by CO3

2− (MgO1−x modified by CO3
2−/MgO1−x);

• dissolving in H2O: nanosize, non-stoichiometric zirconium dioxides ZrO2−x;
• dissolving in 3 N HCl: nanosize, non-stoichiometric CeO2−x;
• dissolving in 4 N HF: any mixed magnesium and zirconium oxides.

In general, the profiles of the DD curves of mixed oxide films differ from those for
pure MgO obtained by the same way [14]. Here, the oxide species dissolving in 0.01 N
HCl were of main phase with the peaks of large area and complex form. The evolution
of the peak profiles may be explained by occurrence of adsorbed CO2 on the active Fs
sites in the uppermost layer of this type of the oxide resulting in reducing content of
pure active MgO1−x (Figures 3d, 4d, 5d, 6d and 7d). It should be also noted that the
carbon content in the samples determined by EDX, increases also with an increase of in
the doping element content (Table 2). This is consistent with the idea that the precursor of
the second component is the main supplier of the excess CO2 during the film deposition.
The contents of pure and poisoned oxide species were calculated from their contributions
in the total areas of the complex peak using the specific program of DD [55]. These
contents are presented in Table 2 where one can see that the largest amounts of the active
MgO1−x with the basic surface are contained in the film with the increased roughness
whose morphological defects absorb the most of CO2 molecules (Figure 3).

The DD method provides also essential information on the amount and nature of zir-
conium oxide present in mixed films. In particular, from the ability of Zr-oxide to dissolve
in water (Figure 3d), one might expect occurrence of low-dimensional non-stoichiometric
clusters of Zr-oxide distributed on the MgO surface. The joint appearance of Mg and Zr
ions in solution in both HCl and HF solvents and slow dissolution kinetics indicate the for-
mation not solid solution of (Mg,Zr)O-type, but a low-disperse mixture of magnesium and
zirconium oxides mixed on the atomic level (Figure 4d). Considering that the proportion
of magnesium oxide in this mixture is greater than zirconium according to quantitative
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DD data, we designated this product as “MgO–ZrO2 nano-mixture” (Table 2). For other
samples, magnesium and zirconium appear together in solution only by 3N HF treatment,
their dissolution curves are collinear, and this process proceeds quickly (Figures 5d and 6d).
This clearly indicates the formation of some intermediate mixed products being loose layers
formed at the interfaces between the nano-size oxides. Quantitative data show that the
proportion of zirconium here is higher than magnesium, so we designated these phases as
“(ZrMg)Ox intermediates” (Table 2).

For Mg–Ce–O film, the dissolution of doped oxide in MgO is not recorded, since the
profiles of the DD curves clearly show a separate dissolution of the cerium and magnesium
components (Figure 7c). The non-stoichiometric oxide CeO2−x detected as dissolving in
3 N HCl is most likely spatially unevenly distributed on the surface of magnesium oxide.
Note that the physical mixture of the individual oxides is more typical situation for the
Mg–Ce–O system [43,44]. It was impossible to determine the doping level of Zr and Ce in
MgO1−x because their amounts (if any) are lower than the detection limit of the analysis.

5. Discussion

The phase and chemical diversity of mixed films predetermines also the diversity of
their macroscopic emission properties, which manifests not only in the maximum SEEC
values and the general shapes of the SEEC- Ep curves, but also in the behavior during
storage. The higher SEEC and its reducing after aging in air may be a good indicator of
the presence of the active MgO with the high content (Figures 3e, 5e, 6e and 7e). It seems
that the surface distribution of active ZrO2−x particles contributed also in the high SEEC
and its stability up to Ep = 1200 eV due to an increase in the negative charge of the surface
(Figure 3e). The same effect of the presence of CeO2−x on the surface of the active MgO is
observed for Mg–Ce–O films (Figure 7e). One can see that the less content of active MgO
the lower SEEC magnitude (Figures 5e and 6e), and it falls to 3 where the active phase
is least (Figure 4e). The presence of intermediate ZrMgO intermediate products resulted
in increasing stability of SEEC up to Ep = 1200 eV (Figure 5e) or decreasing (Figure 6e).
The findings demonstrate that the SEE properties of the mixed films depend not only on
morphological and structural features but require deep insights into their chemical state.

Based on above presented data, the preliminary results on the features the mixed
oxide films of Mg–X–O systems (X = Zr, Ce) deposited by MOCVD procedure can be
summarized as follows:

• During MOCVD at 450–500 ◦C, interaction of MgO with ZrO2 takes place due to
nanoscale and defected and disordered states both of these oxides to form mixed
phases that are metastable according to the equilibrium phase diagram [51]. No
interaction was between CeO2 and MgO in similar conditions, that is in line with
results of other works [43,44];

• The mixed samples with higher Zr content obtained at higher temperatures (500 ◦C)
were highly dispersive and no peaks appear on the XRD patterns. For nanoscale
crystallites, only (200) peak of the cubic MgO was observed. This XRD information
was quite scant to understand what happens with oxides during deposition;

• Chemical information obtained by DD method was sufficient for assigning all the films
to multiphase. These were the mixtures of individual oxide species or the Mg-oxide
with intermediate (ZrMg)Ox products which contribute variously in SEEC magnitude;

• The magnesium, zirconium and cerium oxide species identified by DD were related to
non-stoichiometric oxides. Their defectiveness was proved through ability to dissolve
in solvents with more low chemical potential than it takes for strong stoichiometric ox-
ides;

• Amount of the oxygen defective Mg-oxide free from any sorbate defines the SEEC
value, whereas the nature of the intermediate (ZrMg)Ox products has an impact on
the SEEC, making this value stable or unstable at high primary electron energy, Ep.

• Involving the Zr(thd)4 and Ce(thd)4 precursors enriched by CH3-fragments led to
appearance of the excess quantities of the undesired CO2 gas species, which reduced
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the number of the active surface sites of MgO; amount of MgO species modified
by carbonate groups correlated with the amount of the second precursor involved.
Therefore, to obtain mixed-oxide materials with the highest SEEC, it is necessary
to select other combinations of precursors for the MOCVD process. The fairly rich
chemistry of the volatile compounds of magnesium and its dopants allows us to expect
a success in this task.

6. Conclusions

Following the accrescent interest in MgO-based emission film materials, this work
covers two related aspects of this area. The first is a brief review of mixed film results
focused on MgO doping in order to explain the improved emission characteristics. The
second is the argumentation of MOCVD as a promising method for obtaining such systems,
which is supported here by the primary experimental results. In addition to characterizing
the obtained films by standard physical methods, we have demonstrated for the first time
the capabilities of the differential dissolution chemical method for the analysis of such
complex objects. In fact, this approach sheds unique light on the nature of the chemical
spices that form the film and their mutual arrangement. Using this information, MOCVD
procedure was found to be able to produce nanoscale and oxygen defective magnesium,
zirconium and cerium oxides. Moreover, there is reason to believe that mixed ternary
phases from refractory oxides MgO and ZrO2 could form in the MOCVD process at
450–500 ◦C.

Thus, here we have presented the general field of activity and prospects for controlling
the chemical composition of films using MOCVD. Further studies, including the preci-
sion methods of composition and structure control, will be focused on a more accurate
interpretation of DD results, especially in relation to mixed phases and a determination of
clear correlations of the effect of precursors and deposition conditions on the composition,
microstructure, and emission properties of films. Selection of optimal precursors and
process parameters will allow expanding the approaches to obtain films with stable and
high SEECs.
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