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Abstract: Ag-Mg alloy is used as a dynode material in electron multiplier tubes due to the high
secondary electron yields (δ) of the surface of MgO film. However, MgO film is readily degraded
under strong electron or ion bombardment, which results in a decrease in the lifetime of devices.
In this study, alumina-containing MgO films of ~50–150 nm were developed on a Ag-2Mg-2Al alloy
(silver alloy containing 2 wt % Mg and 2 wt % Al) after a thermal activation process performed at
500–600 ◦C under low oxygen pressures of 5.0–20.0 Pa. Auger electron spectroscopy and X-ray
photoelectron spectroscopy analyses reveal that the film consists of a thin layer of pure MgO
and a relatively thicker layer of alumina-containing MgO located beneath the top MgO layer.
The alumina-containing MgO film exhibits high δ value of 7.7 at a primary electron energy of
580 eV and a much better stability under energetic electron bombardment than pure MgO film on
Ag-Mg alloy. Alumina has higher bond dissociation energy than MgO, and the presence of alumina
in the film contributes to mitigating the dissociation of the MgO film under electron bombardment.
The Ag-2Mg-2Al alloy with alumina-containing MgO film is a promising candidate as a dynode
material for electron multiplier tubes.

Keywords: MgO films; alumina; secondary electron yield; electron bombardment; electron
multiplier; microstructure

1. Introduction

The secondary electron emission (SEE) process is important for various vacuum electronic devices,
such as scanning electron microscopes, atomic clocks, alternating current plasma display panels,
and electron/photomultipliers for mass spectroscopy, photoelectron spectrometers, magnetrons,
and crossed-field amplifiers [1–5]. A variety of materials are selected to satisfy specific requirements
for enhancing or suppressing the secondary electron yield (δ) [6]. Low δ materials are desirable for a
dielectric window in high-power microwave devices in order to suppress surface breakdown at the
vacuum/dielectric interface [7]. On the other hand, materials with high δ and good stability under
exposure to energetic electron beam and charged particles, such as BeO [8], MgO [9,10], Al2O3 [11],
and chemical vapor deposition (CVD) diamond films [12], are required for various electron multipliers.
Materials of high δ and good stability are the focus of our interest in this study.

Ag-Mg alloys, normally with 2–4 weight percent of Mg, have been utilized as one of the alloy-type
secondary electron emitters since the 1950s. An activation process involving the selection of an
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oxidizing atmosphere and temperature must be done properly in order to favor the growth of MgO film,
normally 20–200 nm thick, at the surface, rather than in the bulk of the alloy [9,13]. The developed MgO
thin films exhibit high δ values of 15–20 [14]. The activation process involves two major processes—the
migration of Mg to the surface and the counterflow of oxygen into the Ag substrate. Major factors
influencing the formation of the MgO film include the oxidizing atmosphere, the atmosphere pressure,
and the oxidizing temperature [9,15]. Nowadays, various deposition methods have been used
for preparing MgO thin films, such as electron-beam evaporation [16,17], sol-gel deposition [18],
and magnetron sputtering [19–21]. However, MgO films prepared through activation on Ag-Mg
alloys and by various deposition methods are readily dissociated under constant bombardment
from electron beam and ionized particles, which restricts their practical applications in vacuum
electron devices. MgO/Au cermet film, which consists of a mixture of MgO and Au microcrystals,
has been reported to have high δ values with good electric conductivity [22,23]. However, considerable
erosion and dissociation of MgO in the film is found under constant electron beam bombardment [24],
and considerable degradation of δ occurs in a short period [25]. Pan studied the SEE properties of
the Cu-Al-Mg alloy and found that MgO/Al2O3 composite film is developed spontaneously at room
temperature without activation, and the alloy emitter has excellent stability with δ values over 3 under
constant electron bombardment [26]. Higher amounts of Al and O in the surface of the Cu-Al-Mg alloy
are reported to be associated with its excellent working stability.

A systematic study of the SEE properties of MgO/Al2O3 composite films has so far not been
reported, and experiments are being conducted in this direction. Similar to MgO, alumina is an
insulator with good physical and chemical properties, such as low electrical conductivity, high thermal
conductivity, high SEE yields, wide bandgap, and thermodynamic and chemical stability [11,27]. In this
study, Ag-Mg-Al alloy was prepared and properly activated in low oxygen pressure (PO2). The δ of the
Ag-Mg-Al alloy cathode as a function of the primary electron energy (Ep) was examined. The stability
of the Ag-Mg-Al emitter under electron bombardment was tested and compared to that for a Ag-Mg
emitter. Superior SEE properties, including high δ and better stability under electron bombardment,
were found for the Ag-Mg-Al emitter with proper film thickness. Here, the film composition and
element distribution in the film are characterized and the effect of Al in the film on the SEE properties
of the alloy is discussed.

2. Materials and Methods

2.1. Specimen Preparation

Alloy blocks of Ag-Mg-Al alloy containing approximately 2 wt % Mg and 2 wt % Al (denoted
as Ag-2Mg-2Al) and Ag-Mg alloy containing approximately 3 wt % Mg (denoted as Ag-3Mg) were
prepared by induction melting of a Ag sheet (99.99% in purity, Jiaming Boye Non-ferrous Metals Ltd.,
Beijing, China), Mg pellets (99.98% in purity, Sigma-Aldrich Inc., Shanghai, China), and Al powder
(99.95% in purity, Sigma-Aldrich Inc., Shanghai, China), in designed weight percentage, at 1050 ◦C for
1 min in a low-pressure argon atmosphere (99.999% in purity, Huiya Industrial Gas Co., Zhuo Zhou,
China) using an induction melting furnace (SP-15VIM, HF-Kejing, Hefei, China). Due to evaporation
loss during the melting process, 5 wt % more Mg was taken into account. Surface scales of the alloy
blocks were removed by polishing before they were cold rolled to sheets of ~0.4 mm thick. The alloy
sheets were baked at 500 ◦C for 2 h in an argon atmosphere in order to eliminate the work hardening
of the alloy sheets. The alloy sheets were cut into pieces with dimensions of 1.0 cm × 1.0 cm, followed
by polishing with sandpaper of 2000#, 3000#, respectively. The alloy pieces were ultrasonic cleaned in
ethanol for 2 min, and then dried in cool air and kept in a vacuum desiccator.

Activation of the alloy pieces was performed in a corundum tube furnace, initially evacuated
by a mechanical pump to a base pressure of 0.1 Pa. The specimens were baked at 500–650 ◦C for
0.5 h at PO2 of 5.0–25.0 Pa by filling the chamber with oxygen flow controlled through a dedicated
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flow meter. The specimens were cooled down before they were taken out, and then kept in a vacuum
desiccator immediately.

2.2. SEE Testing Arrangement

The SEE properties of the specimens were measured by a self-designed SEE testing system,
shown in Figure 1. The primary electron beam is provided by a Ba-W dispenser cathode working
at ~ 500 ◦C. The whole system was mounted in a chamber with a vacuum pressure of less than
1.0 × 10−5 Pa, obtained by pumping with a turbo molecular pump backed by a rotary mechanical
pump. The emission testing was carried out with accelerating voltages in the range of 0–1000 V, and the
secondary electron current from the tested specimens was collected by a secondary electron collector
applied at a voltage of 250 V. The δ was obtained by measuring the primary electron current (ip) and the
emitted secondary electron current (is), and the δ is the ratio of is to ip. The stability of the specimens
under electron bombardment was examined by constant bombardment of the specimens by a primary
electron beam of 600 eV and a current density of 5 mA cm−2. The δ of the specimens was recorded
every several hours during the electron bombardment testing.
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Figure 1. Schematic drawing of the secondary electron emission (SEE) testing system.

2.3. Surface Characterization and Secondary Electron Distribution Simulation

The surface morphology of the activated Ag-Mg-Al specimens was examined by scanning electron
microscopy (SEM) using a Hitachi S-4800 instrument (Tokyo, Japan). The surface composition of the
specimens was examined by Auger electron spectroscopy (AES) using an ULVAC-PHI-700 instrument
(Chigasaki, Japan). The chemical state of the major elements in the surface film was analyzed by
X-ray photoelectron spectroscopy (XPS) using an ULVAC-PHI Quanera instrument (Chigasaki, Japan).
The specimens were evacuated to 5.0 × 10−7 Pa, and the depth profiles of the specimens derived from
AES and XPS were obtained by assisted sputtering by argon ions at a sputtering rate of 5 nm min−1.

Secondary electron distribution in the surface film of the Ag-2Mg-2Al specimen subject to electron
beam bombardment of 600 eV was simulated by computational simulation using a CASINO Monte
Carlo program v2.42 (Cambridge, UK) [28]. The film composition and film thickness were designed
according to the result from AES depth profiles.

3. Results and Discussion

3.1. Surface Morphology and Composition

The surface color of the Ag-2Mg-2Al alloy specimen turned from silvery white to translucent
flaxen after activation. The scanning electron micrograph in Figure 2 shows a typical surface
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morphology of Ag-2Mg-2Al alloy specimens activated at 500–600 ◦C for 0.5–1.0 h at PO2 = 5.0–25.0 Pa.
Unique round-shaped flakes of ~20–60 nm were developed on the surface after activation, which is
similar to the surface morphology of activated Ag-3Mg alloy [15]. A typical AES spectrum of the
surface of the activated Ag-2Mg-2Al specimen in Figure 3 reveals that the surface is mainly composed
of Mg and O. The C peak is due to the inevitable absorption of carbon species onto the surface when
the specimen is taken out of the furnace tube after activation. No Ag or Al is detected in the AES
spectrum. These results infer that pure MgO was developed in the top surface after activation. Mg has
a rather high vapor pressure as compared to most other metal elements. The vapor pressure of Mg
at 600 ◦C is 114 Pa, according to the vapor pressure equation for Mg [29], which is much higher than
that for Al. Mg becomes mobile at elevated temperature and low pressure, and it migrates towards
the surface at much more rapid rate than Al during activation. Therefore, a thin layer of pure MgO is
developed in the top surface of the Ag-2Mg-2Al alloy after activation.
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Figure 3. Surface Auger electron spectroscopy (AES) spectrum of the Ag-2Mg-2Al alloy activated at
600 ◦C for 30 min at an oxygen pressure of 15.0 Pa.

The flake morphology of the surface can be explained by the Pilling–Bedworth ratio (PBR) of
oxide film. Metal oxides with a PBR in the range of 1–2 can develop compact barrier film on its metal,
such as amorphous alumina film on aluminium, which has a PBR of 1.61. As the PBR of MgO film is
0.81 [30], it cannot cover the whole metal surface, and the flake characteristic is developed for the film
on the activated Ag-2Mg-2Al alloy.
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3.2. Oxidation Process during Thermal Activation

Figure 4 shows element depth profiles of the activated Ag-2Mg-2Al specimens derived from
AES. The depth profiles reveal a general trend that the top surfaces of the alloys, being several tens of
nanometers thick, are composed entirely of Mg and O, while Ag and Al are negligible in these regions.
The atomic ratios of Mg to O in the top surfaces are ~0.8–1.2, which indicates the formation of MgO in
the surface. During activation, Mg atoms in the substrate become mobile and migrate towards the
surface, while O molecules migrate inwards from the surface simultaneously [13]. MgO is developed
in the top surface as a result. The amount of Mg being slightly higher than that of O in the top layers
is probably due to the outward migration of Mg atoms being rapid at elevated temperatures, and a
small portion of Mg is not oxidized, as the oxygen is not sufficient at relatively low oxygen pressures
of 5.0–25.0 Pa [31]. Al and Ag signals do not appear until a certain depth, which is consistent with
the result from the surface AES spectrum in Figure 3. Moreover, Al always rises at depths closer to
the surface than Ag. The depths from where Al originates are marked as short dashed lines in the
profiles in Figure 4. Ag is considered immobile during activation due to its inert characteristic and
heavy atomic weight. Therefore, it is inferred that both Mg and Al atoms migrate outwards during
activation, and Mg migrates at a much higher rate than Al, which is similar to the findings for the
anodizing of Al-Mg alloys [30]. The film formation process during activation of the Ag-2Mg-2Al alloy
is schematically illustrated in Figure 5.
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Figure 5. Schematic diagram illustrating the element migration during activation of the Ag-2Mg-2Al
alloy. A layer of alumina-containing MgO is developed beneath the top MgO layer due to relatively
slower migration rates for Al atoms compared to that for Mg atoms during activation.

The thickness of the MgO film on the alloy is defined as the thickness of the layer from the surface
to the interior position at which Ag content reaches 10 atom %. The MgO film has a much lower
electrical conductivity compared to Ag in the alloy matrix. Electron supply to the electron-deficient
surface is hampered, and the surface charging effect is serious if the surface MgO layer is too thick or
the Ag content is below 10 atom % in the MgO film [22]. Based on the definition, the bottom position
of the MgO film was determined, and it is marked by long dashed lines in the AES depth profiles in
Figure 4. Normally, thicker MgO film is obtained when Ag-Mg alloy is activated at higher temperatures
and larger PO2 for a longer time. A MgO film of 60 ± 1 nm was obtained for the Ag-2Mg-2Al activated
at a relatively low temperature of 500 ◦C for 30 min at PO2 = 20.0 Pa. The thickness of the MgO film is
increased from 60 ± 1 nm to 90 ± 1 nm as the activation temperature is increased from 500 to 600 ◦C.
Notably, Al originates at a depth of ~15 nm for the alloy activated at 500 ◦C, which is closer to the
surface compared to that for the alloy activated at 600 ◦C. As the PO2 is increased from 15.0 to 20.0 Pa,
the thickness of the MgO film is reduced from 133 ± 1 nm to 90 ± 1 nm and Al originates at a depth of
~51 nm, which is relatively close to the surface. This is probably because the rate of oxygen migrating
into the substrate is increased under higher PO2, and more Mg and Al atoms are oxidized. More Mg
and Al oxidized in the film slows down the outward migration of Mg, resulting in a relatively thinner
oxide film for the alloy activated at higher PO2. The thickness of the MgO film and the depth at which
Al originates in the surface film of the Ag-2Mg-2Al specimens activated at different parameters are
summarized in Table 1. It indicates that due to the presence of Al in the Ag-2Mg-2Al alloy, thicker
MgO film could be obtained by increasing the temperature or reducing the PO2 during activation.
When the PO2 is increased or the temperature is decreased during activation, Al originates closer to
the film surface.

Table 1. The thickness of the MgO film (TMgO) and the depth at which Al originates in the surface film
of the Ag-2Mg-2Al specimens activated at different temperatures and oxygen pressures.

Activation Parameters
TMgO (nm) Originating Depth of Al (nm)

Temperature (◦C) Duration Time (min) PO2 (Pa)

500 30 20.0 60 15
600 30 15.0 133 75
600 30 20.0 90 51

The chemical state of Mg and Al in the surface films of the activated Ag-2Mg-2Al alloys was
analyzed by XPS. Figure 6a,b reveals XPS spectra of Mg 2p and Al 2p in the surface film, respectively,
for the Ag-2Mg-2Al specimen activated at 500 ◦C for 30 min at PO2 = 20.0 Pa. The XPS spectrum of
Mg 2p was obtained from the specimen sputtered to a depth of 10 nm, and it reveals that the Mg
2p peak is located at 50.7 eV, which corresponds to the binding energy of MgO [26,32,33]. The XPS
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spectrum of Mg 2p agrees well with the result from the AES depth profiles in Figure 4. XPS was
performed at a depth of 40 nm for Al 2p, and it revealed the Al 2p peak is located at 74.8 eV (Figure 6b),
which is in agreement with the binding energy of Al in Al2O3 [26,34]. It confirms that Al has been
oxidized to Al2O3 in the film after activation. The chemical state of Ag was determined by the Ag
MNN Auger spectrum for the specimen at a depth of 70 nm (Figure 6c). The Ag peak at 351.9 eV in
the Ag MNN Auger spectrum confirms that Ag is in its elemental state [35]. This indicates that Ag in
the substrate was not oxidized during activation, which is due to its rather low chemical affinity for
oxygen. The results from the XPS spectra and AES depth profiles in Figure 4 confirm that an oxide
film is developed on the Ag-2Mg-2Al alloy after the activation process, with a pure MgO layer in
the top surface and a relatively thicker layer of MgO/Al2O3 composite located beneath the top MgO
layer (Figure 5).
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3.3. Secondary Electron Yield and Electron Bombardment Performance

Values of δ varying from 4.0 to 10.0 were obtained for the Ag-2Mg-2Al and Ag-3Mg alloys
activated at 500–600 ◦C and at PO2 between 10.0–20.0 Pa. An ‘aging’ process was carried out before
SEE testing, in which the specimens were bombarded by primary electrons of 200 eV for several
hours. δ gradually increases before it becomes steady after several hours. It is probably due to surface
contamination, such as carbon species and residual metallic Mg on the surface, which are eliminated
after aging.

Typical δ as a function of the Ep for the Ag-2Mg-2Al alloy cathode after aging is shown in
Figure 7. The total yield includes elastically and inelastically scattered electrons, as well as low energy
true secondary electrons [36]. Initially, δ increases with increasing Ep, when the primary electron
penetration range is less than the mean escape depth for the excited secondary electrons [5]. A δm

value of 7.7 is reached at Ep = 580 eV, when the primary electron penetration range is close to the
escape depth. δ decreases with further increasing Ep, as secondary electrons excited at the escape
depth become fewer [6,7]. The escape depth for secondary electrons depends on the type of material of
the emitter. Except the Ep and the bias voltage, other factors influencing the δ of the emitter include the
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film thickness [16], the electronic structure of the film [37], the incident angle of primary electron beam,
surface roughness, and crystallinity of the surface oxide [10]. Figure 7 reveals that the Ag-2Mg-2Al
specimen has a δ value of 6.0 at Ep = 300 eV, which proves its suitability as an efficient secondary
emitter at sufficiently low input electron energies.Metals 2018, 8, x FOR PEER REVIEW  8 of 12 
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Figure 7. Typical SEE yield as a function of the primary electron energy for the Ag-2Mg-2Al
alloy cathodes.

The emission stability of the Ag-3Mg and Ag-2Mg-2Al specimens with different film thicknesses
was examined by constant bombardment of the specimens by a primary electron beam of 600 eV and a
current density of 5 mA cm−2. The δ variation curves over time are shown in Figure 8. For the tested
specimens, δ initially increases and optimal δ is reached after ‘aging’ by irradiation with a primary
electron beam for several hours. The specimen with thicker MgO film requires a relatively longer time
of aging to reach its optimal δ value. For the Ag-Mg specimens, δ begins to decrease promptly after a
maximum value is reached. The δ value drops less steeply for the Ag-3Mg specimen with relatively
thicker MgO film. Comparatively, there is a plateau region for the activated Ag-2Mg-2Al specimen
after the aging period, with δ remaining at a high level for over 20 h. The δ of the Ag-2Mg-2Al specimen
with a 60 nm thick MgO layer remains for over 4 h after bombardment by energetic electron beam
for 60 h, which is much longer than that for the Ag-3Mg specimens. Figure 8 clearly reveals that
the Ag-2Mg-2Al specimen has superior SEE properties, including not only higher δ values of over 7,
but also good emission stability, with δ maintaining high values between 7.0 and 7.8 for ~30 h.
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The penetration depth of primary electrons as a function of Ep can be approximately expressed by
the following equation [38]:

R = 115 × (EP)
1.35/ρ

where R is the penetration depth in nm, Ep is the energy of primary electrons in keV, and ρ is the density
of the solid bombarded by primary electrons. According to the classical equation, the penetration
depth is 16.0 nm at Ep = 600 eV for MgO film (the density of MgO is 3.6 g cm−3). The AES depth
profile in Figure 4c reveals that the 60 nm thick film on the Ag-2Mg-2Al alloy consists of a top
surface layer of MgO of 15 nm and a layer of alumina-containing MgO of 45 nm. Based on the film
composition and the thickness, the electron bombardment into the film by a primary electron beam of
600 eV was simulated by Monte Carlo simulation and is shown by electron trajectories in Figure 9.
The simulation revealed that the penetration depth of the primary electrons is ~18 nm, which is close
to the calculation result from the equation. Most secondary electrons are excited by the top MgO layer,
which is probably the reason for its high δ values over 7. A small portion of the alumina-containing
MgO layer beneath the top MgO layer is also bombarded by primary electrons from the beginning of
the electron bombardment test.
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The much superior stability of the Ag-2Mg-2Al specimen under electron bombardment, compared
to the Ag-3Mg specimens, is probably due to the presence of Al2O3 in the MgO film. Alumina is widely
used due to its advantages of good thermostability, high mechanical strength, and high resistance
to wear and corrosion, and it does not dissociate under bombardment by charged particles [27,39].
δ values of 2–9 for alumina are reported, depending upon the purity and microstructure of alumina [39].
Notably, Al–O in Al2O3 crystal has a bond dissociation energy of 501.9 ± 10.6 kJ mol−1, which is
~1.4 times that of Mg–O in MgO (358.2 ± 7.2 kJ mol−1) [40]. Therefore, it is supposed that the presence
of alumina, together with MgO in the film, has an effect of mitigating decomposition of MgO in the
film, and hence the stability of the film under electron bombardment is greatly improved.

The film composition and chemical state of Mg in the film of the Ag-2Mg-2Al specimen after
constant electron bombardment for 20 h are shown in Figure 10. The AES element depth profiles in
Figure 10a reveal that the atomic concentration of Mg at the surface is increased by ~10%, and that of O
is decreased by ~10%. The atomic concentrations of Mg and O restore to their original values at ~10 nm
depth. The divergence of the atomic concentrations of Mg and O within ~10 nm depth indicates the
decomposition of MgO in the film surface under energetic electron bombardment. It is suggested
that the decomposed O atoms combine into oxygen gas and are released into vacuum, while the
decomposed Mg atoms remain in the film [41]. As a result, the amount of Mg exceeds that of O in the
top surface. XPS spectra in Figure 10b reveals that the Mg 2p peak shifts to 50.4 eV. The Mg 2p peak
can be fitted into two peaks located at 50.8 eV and 49.8 eV, corresponding to the energy level of Mg in
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MgO and Mg in elemental state, respectively. The results prove the decomposition of MgO, and the
decomposed O atoms are lost from the surface.
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Figure 10. (a) Element depth profiles and (b) surface XPS spectra of the Ag-2Mg-2Al alloys activated at
500◦C for 30 min at PO2 = 20.0 Pa, after electron bombardment for 20 h.

Figure 11 shows the AES elemental depth profiles of the Ag-2Mg-2Al specimen after electron
bombardment for 206 h. It reveals that the thickness of the surface MgO/Al2O3 composite film is
decreased to 15 nm. The inset image of Figure 11 reveals that the surface film is severely damaged,
with evident detachment of the surface flakes. However, with the remaining oxide film, it still has a
δ of 2.6 after electron bombardment for 206 h. Therefore, due to the presence of alumina in the film
having higher electron bonding energy and dissociation energy for Al–O bonds than for Mg–O bonds
in MgO, the Ag-2Mg-2Al cathode exhibits stability under energetic electron bombardment that is
superior to the Ag-3Mg cathode. Superior δ and stability under electron bombardment are also found
for MgO/Al2O3 composite films prepared by DC magnetron sputtering [21].
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Figure 11. Element depth profiles of the Ag-2Mg-2Al specimen activated at 500 ◦C for 30 min at
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4. Conclusions

Alumina-containing MgO films were developed on the Ag-2Mg-2Al alloy after thermal activation
under a low-pressure oxygen atmosphere at 500–600 ◦C. The film consists of a thin layer of pure
MgO and a relatively thicker layer of alumina-containing MgO beneath the top MgO layer. Both Mg
and Al atoms in the alloy migrate outwards, with Mg atoms migrating more rapidly than Al atoms,
while the oxygen atoms migrate inwards from the surface and Ag atoms are immobile during activation.
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The Ag-2Mg-2Al alloy with alumina-containing MgO film exhibits superior SEE properties, including
a high δ value of 7.7 at Ep = 580 eV and much better stability under energetic electron bombardment
than the Ag-3Mg alloy with pure MgO film. High δ for the Ag-2Mg-2Al cathode is probably due to the
MgO layer in the top surface. The much better stability under electron bombardment is probably due
to the presence of alumina in the film, which has a stronger microstructure than MgO due to higher
bond dissociation energy for Al–O bonds than Mg–O bonds. The presence of alumina in the MgO film
effectively mitigates the dissociation of MgO under bombardment by energetic electron beam.
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