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The composition, electronic structure, emission and optical properties of MgO/Mg films implanted with Ba+ and Na+ ions before and 
after annealing were studied by using a combination of secondary and photoelectron spectroscopy methods. It has been shown that 
after ion implantation, amorphous films consisting of Mg – Ba – O, Mg – O, Ba – O compounds, as well as unbound Ba and Mg atoms, 
are formed in the surface layers. In this case, eϕ of the surface decreases. It has been determined that the emission efficiency of ion-
doped layers is higher than that of MgO layers. Post-implantation annealing at T = 900 K leads to the formation of a homogeneous 
Mg0.4Ba0.6O film with a thickness of 30 – 35 Å in the case of Ba+ ion implantation. It has been revealed that the photoelectron escape 
depth λ of the three-component film is 1.5 times greater than that of Mg oxide. The main mechanisms of changes in the electronic 
structure, emission and optical properties of MgO during ion implantation and subsequent annealing have been identified. 
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INTRODUCTION 
Metal oxides are promising in various fields of electronics and electronic engineering [1–5], in particular, 

photoelectric devices, ultraviolet photodetectors, sensors, thermal and electrical insulators, semiconductors, fuel cell 
additives, antimicrobial materials, optical electronics and nanoelectronics. The unique physical properties of high-quality 
magnesium oxide films allow them to be used as buffer layers and substrates for superconducting coatings [6], for 
structures based on wide-bandgap semiconductors [7], in spintronics devices [8], protective layer of plasma display 
panels [9], one of the materials for pyrochemical technology of spent nuclear fuel reprocessing [10, 11] and as coatings 
for spacecraft [12]. 

Various methods have been used to create and study thin MgO films: high-frequency sputtering [13 – 15], thermal 
treatment [16, 17], chemical spray pyrolysis [18 – 20], laser ablation [21], arc plasma melting [22], and aerosol assisted 
chemical vapor deposition technique [23]. 

The spatial distribution of structural features of MgO film on sapphire was determined in combination with X-
ray structural analysis and layer-by-layer plasma etching and the presence of a thin transition layer with signs of 
rhombohedral deformation has been revealed in [13]. High transparent and antireflective properties of MgO thin film 
with an average transmittance of about 91.48% in the visible range, as well as a high reflectivity in the IR range have 
been found by the authors of [19]. These results can be used as an optical window or a buffer layer, and a well-reflective 
surface will prevent an increase in surface temperature under the influence of solar radiation, which can be used in 
solar cell applications. 

We have previously studied the processes of formation of nanosized phases on the Si and GaAs surface during 
implantation of Ba+, Na+ and O+

2 ions [24 – 27]. We have also studied the effect of implantation of active metal ions on 
the composition, structure, emission and electrophysical properties of SiO2 and CaF2 films [28 – 30]. 

However, investigations on obtaining nanosized phases and films on the surface of MgO films using the ion 
implantation method have not been conducted yet. The composition, crystal and electronic structure, emission and optical 
properties of thin films of Mg oxides with nanosized structures have not practically been studied. 

This article will present the results of experimental studies on the effect of low-energy (Е0 = 0.5 – 5 keV) 
implantation of Ba+ and Na+ ions on the composition, structure, and physical properties of MgO/Mg films. 

EXPERIMENTAL TECHNIQUE 
All technological impacts (Mg oxidation, temperature treatment, ion implantation) and studies of the composition, 

electronic structure and physical properties have been carried out in the same ultra-high vacuum device. MgO films have 
been obtained by thermal oxidation of Mg. MgO with a thickness of θ  = 800 Å has mainly been used. Before oxidation, 
Mg has been outgassed at T = 1,200 K under a vacuum of 10-7 Pa for 5–6 hours. Then, O2 molecules have been admitted 
to the device to a pressure of 5·10-3 Pa, which fell on the Mg surface heated at T = 1,000 K. Active metal ions Ba+ and 
Na+ have been created by surface ionization. 
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The elemental and chemical composition of the nanofilms has been determined by Auger electron spectroscopy 
(AES), and the electronic structure has been determined by ultraviolet photoelectron spectroscopy (UPES). The error in 
determining the atomic concentration was ∼ 5 – 8 at.%. To determine the depth distribution profile of impurities, layer-
by-layer Auger analysis has been performed by sputtering the sample surface with 1 keV Ar+ ions at an incidence angle 
of ∼ 80° relative to the normal; the etching rate was ∼ (3 ± 1) Å/min. The quantum yield of photoelectrons Y has been 
measured at a photon energy of hν ≈ 10.8 eV. The energy dependence of the secondary electron emission coefficients 
(SEEC) σ  has been measured in the primary electron energy range of Ер = 100 – 1500 eV. 

 
EXPERIMENTAL RESULTS AND DISCUSSION 

The MgO/Mg system was outgassed at T = 800 K for 2 – 3 hours before the research. Implantation of Ba+ and Na+ 
ions was performed with the energy Е0 = 1 keV at the saturation dose D = 6⋅1016 сm-2 in a vacuum of 5·10-7 Pa at room 
temperature. The composition, structure and physical properties of the ion-implanted sample do not change significantly 
starting from D = 6⋅1016 сm-2, i.e. this dose is the saturation dose Dн. Table 1 shows the emission parameters of MgO/Mg 
films with a thickness d = 800 Å, before and after ion implantation, where σm is the maximum value of σ, λ is the depth 
of the yield of true secondary and photoelectrons. It is evident that after ion implantation the values of σm, Y and λ 
increase noticeably. This can be explained by the fact that compounds of the Mg – O, Me – O, Mg – Me – O type are 
formed, as well as unbound Mg and Me (Ba or Na) atoms in the ion-implanted layer. In this case, excess Ba (Na) atoms 
with a thickness of 0.5 – 0.6 monolayers are formed on the surface, which leads to a decrease in the work function of the 
surface. Apparently, the emission efficiency of Ba + O and Ba + Mg + O compounds is significantly higher than the 
emission efficiency of MgO. All this leads to a noticeable increase in the depth of the yield of true secondary and 
photoelectrons, therefore, the values of σm and Y increase to 1.5 – 2 times (see Table 1).  
Table 1. Emission parameters of MgO before and after implantation of Ba+and Na+ ions with Е0=1 keV, D=6·1016 cm-2 

Subject of research σm Epm, eV η at (Ep = 500 eV) Y at hν = 10.8 eV λ, Å 
MgO 

Ba+ → MgO 
Na+ → MgO 

3.9 
7.2 
8.1 

800 
1000 
1000 

0.22 
0.32 
0.25 

3·10-4 
6·10-4 

7·10-4 

400 
600 
600 

Thus, the growth of σm of magnesium oxide after implantation of sodium and barium ions can be caused by a 
decrease in еϕ, an increase in λ and the formation of an oxide film with a comparatively high emission efficiency. 

Post-implantation annealing was carried out at different temperatures in order to obtain a homogeneous three-
component film with good stoichiometry. The temperature of 900 K was optimal for obtaining a polycrystalline 
Mg + Ba + O film. Fig. 1 shows the initial part of the Auger spectra of pure Mg, an MgO/Mg film, an MgO film 
bombarded with Ba+ ions with Е0 = 1 keV at D = Dн and heated at T = 900 K for 40 min, and the Auger spectrum of a 
thick BaO film is shown for comparison.  

 
Figure 1. Auger spectra: 1 – pure Mg, 2 – Mg with MgO film, 3 – MgO implanted with Ba+ ions with E0 = 1 keV and heated 

at T = 900 K for 40 min, 4 – thick BaO/Mg film 
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It is evident that during the formation of the MgO film, the L23VV peak (47 eV) of Mg shifts sharply toward lower 
energies and other peaks characteristic for MgO appear. Analysis of the full spectrum of MgO showed that all peaks 
characteristic for Mg disappear in this case. After bombardment with Ba+ ions and subsequent annealing, the main peak 
of MgO observed at E = 34 eV shifts toward lower energies by 2 eV. New peaks also appear at energies of 23, 46 and 
55 eV. The positions and shapes of these peaks differ from those for a thick BaO film. It can be assumed that compounds 
of the Mg + Ba + O type are formed in this case. To estimate the concentration of atoms, we used high-energy Auger 
peaks of Mg (1189 eV), Ba (584 eV), O (503 eV) and determined the concentrations of these elements using the 
formula Сх = ூೣ ௌೣ⁄∑ ூ೔ ௌ೔⁄ . 

Figure 2 shows the distribution profiles of Ba, Mg and O atoms by depth h for MgO implanted with Ba+ ions with 
Е0 = 1 keV at D = 6⋅1016 сm-2 and heated at T = 900 K for 40 min. It is evident from Figure 2 that after heating at 
T = 900 K, the surface concentrations of Mg, Ba and O are ~ 18 – 20, 30 – 32 and 48 – 50 at.%, respectively. It is possible 
to assume that a three-component compound with the approximate composition Mg0.4Ba0.6O is formed on the surface of 
MgO in this case. These concentrations do not change significantly to a depth of 35 – 40 Å, i.e. a Mg0.4Ba0.6O film with 
a thickness d = 35 – 40 Å is formed. The Ba concentration decreases monotonically from ~ 20 – 25 at.% to zero, and the 
Mg concentration increases from 30 – 35 at.% to 50 – 52 at.% in the range of h = 40 – 80 Å. In the studied region of h, 
the O concentration does not change noticeably and is ~ 50 – 52 at.%. 

 

 
Figure 2. Profiles of the distribution of Mg, Ba and O atoms by depth h for MgO implanted with Ba+ ions with E0 = 1 keV 

at D = 6⋅1016 сm-2 and heated at T = 900 K. 

Fig. 3 shows the photoelectron spectra for a MgO film and MgO with a Mg0.4Ba0.6O nanofilm, recorded at 
hν = 15.6 eV. It is evident that the MgO spectrum has 2 maxima at Еb = – 1.5 eV and – 6.2 eV, respectively, caused by 
the excitation of electrons from the 3s states of Mg electrons and the 2p states of O electrons. The peculiarity in the region 
of Еb = – 3.8 eV can be associated with the hybridization of the 3s states of Mg with the 2p state of O. The spectrum width 
ΔЕ for MgO is ~ 7.4 eV. Using the formula hν = ΔЕ + Ф, we can determine Φ, which is ~ 8.2 eV. Here Φ is the 
photoelectron work function, the value of which is Еvac – ЕV; ЕВ is the vacuum level, ЕV is the top of the valence band. 

  

 
Figure 3. Photoelectron spectra: 1 – MgO/Mg; 2 – Mg0.4Ba0.6O/MgO/Mg 

If we take into account that χ (electron affinity) for MgO is ~1.0 eV [31], then the band gap width 
Eg = ЕV - χ = 7.2 eV. The spectrum contains 3 maxima in the case of the Mg0.4Ba0.6O film. Here, the spectrum width 
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decreases by ~ 0.4 eV, and the area under the curve (i.e., the quantum yield of photoelectrons) increases by ~ 1.4 – 1.5 
times. Possible interpretations of the formation of maxima are shown in curve 2. 

Table 2 shows the band-energy parameters of MgO and Mg0.4Ba0.6O films. It is evident that the values of Eg, σm and 
Y of the three-component film are significantly greater than those of the MgO film. 

Table 2. Band-energy parameters and values of σm and Y 

Films Structure Thickness, Å Ф, eV Eg, eV χ, eV σm Y 
MgO/Mg polycrys. 800 8.2 7.2 1.0 3.9 3·10-4 

Mg0.4Ba0.6O/MgO polycrys. 40 8.6 7.8 0.8 5.5 5·10-4 
 

CONCLUSIONS 
1. It has been shown that low-energy implantation of Ba+ and Na+ ions leads to a significant increase in the maximum 

value of the SEE coefficients and the quantum yield of photoelectrons. The main mechanisms leading to these 
changes have been revealed.  

2. The method of implantation of Ba+ ions into MgO with subsequent annealing has been used to obtain and determine 
the optimal conditions (energy and dose of ions, temperature of post-implantation annealing) for the synthesis of 
Mg0.4Ba0.6O type films for the first time. 

3. It has been pointed that the density of state of valence electrons and the parameters of the energy bands of MgO and 
Mg0.4Ba0.6O differ significantly from each other. 
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ВПЛИВ ІМПЛАНТАЦІЇ АКТИВНИХ ІОНІВ МЕТАЛІВ НА СКЛАД, ЕМІСІЮ ТА ОПТИЧНІ 

ВЛАСТИВОСТІ ПЛІВОК MgO 
М.Б. Юсупжонова, Д.А. Ташмухамедова, Б.Є. Умірзаков, С.С. Пак, З.Р. Сайдахмедова, Ш.К. Салієва 

Ташкентський державний технічний університет імені Іслама Карімова, Ташкент, 100095 Республіка Узбекистан 
За допомогою комбінації методів вторинної та фотоелектронної спектроскопії досліджено склад, електронну структуру, 
емісійні та оптичні властивості плівок MgO/Mg, імплантованих іонами Ba+ та Na+ до та після відпалу. Показано, що після 
іонної імплантації в поверхневих шарах утворюються аморфні плівки, що складаються із сполук Mg – Ba – O, Mg – O, Ba – 
O, а також незв’язаних атомів Ba і Mg. При цьому eϕ поверхні зменшується. Визначено, що ефективність випромінювання 
іонно-легованих шарів вища, ніж у шарів MgO. Постімплантаційний відпал при T = 900 K призводить до утворення однорідної 
плівки Mg0,4Ba0,6O товщиною 30 – 35 Å у разі імплантації іонів Ba+. Виявлено, що глибина виходу фотоелектронів � 
трикомпонентної плівки в 1,5 рази більша, ніж у оксиду Mg. Встановлено основні механізми зміни електронної структури, 
емісійних та оптичних властивостей MgO під час іонної імплантації та подальшого відпалу. 
Ключові слова: термічне окислення; іонна імплантація; фотоелектронна спектроскопія; квантовий вихід; ефективність 
еміссії; глибина виходу 


