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Abstract: Y2O3-doped Mo secondary emitters were prepared by liquid-liquid doping and solid-solid doping, respectively. The 
back-scattered scanning observation result indicates that the emitter prepared by liquid-liquid doping has fine microstructure whereas 
that prepared by solid-solid doping has large grain size. Y2O3-doped Mo emitter with small grain size prepared by liquid-liquid 
doping exhibits high emission property, i.e., the secondary electron yield can get to 5.24, about 1.7 times that prepared by solid-solid 
doping. Moreover, Y2O3-doped Mo emitter exhibits the best emission performance among La2O3-doped Mo, Y2O3-doped Mo, 
Gd2O3-doped Mo and Ce2O3-doped Mo emitters due to the largest penetration depth of primary electrons and escape depth of 
secondary electrons in this emitter. The secondary emission of the emitter with small grain size can be explained by reflection 
emission model and transmission emission model, whereas only transmission emission exists in the emitter with large grain size. 
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1 Introduction 
 

Secondary emission has been used in many fields 
stimulated by the development of imaging of surface 
topography, plasma display panels and magnetrons[1−2]. 
And magnetrons have been used in the area of 
broadcasting, communication and aviation industry due 
to their many advantages including high efficiency, low 
cost and low voltage[3−4]. Being the heart of electron 
tubes and magnetrons, the emitters play an important role 
in those devices. At present, Ba-W emitters[5], oxide 
emitters and ThO2-W emitters, especially Ba-W emitters, 
are commonly used in the high power magnetrons. 
However, Ba-W emitters are hard to be made and 
sensitive to the atmosphere during preparation and 
treatment. The oxide emitters, like thick film emitters, 
have higher secondary emission yields, but possess bad 
anti-ion bombardment property and short life. ThO2-W 
emitters face problems of high working temperature and 
radioactivity of ThO2. It was found that rare earth oxide 
(RE2O3)-doped Mo could be used as a new type of 
emitter material for magnetrons[6−10]. The secondary 

emission yield of about 3.24 could be obtained after the 
emitter was activated at the temperature as high as 1 600 
℃[6]. In the present study, we intend to improve the 
secondary emission yield and decrease the activation 
temperature since high temperature activation needs to 
use high temperature emitter assembly materials in the 
magnetron and causes high energy cost. 
 
2 Experimental 
 
2.1 Preparation of Y2O3-doped Mo sample 

Y2O3-doped Mo powders were prepared by 
liquid-liquid doping using a sol-gel technique. Yttrium 
nitrate and ammonia molybdate were used as raw 
materials. The content of Y2O3 was 30% in mass fraction. 
The doped molybdenum oxide powders were reduced 
into metallic molybdenum powders by dry hydrogen at 
high temperature. Then, the powders were pressed into a 
pellet and sintered by spark plasma sintering (SPS) at   
1 500 ℃ for 3 min to form Y2O3-doped Mo bar. For 
comparison, a raw powder material of Y2O3 containing 
95% Y2O3 and 5% impurities was used and mixed with 
molybdenum powder. 
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2.2 Measurement of emission properties 
The sintered Y2O3-doped Mo bars were machined 

into thin flakes (d10 mm×2mm) and connected with 
molybdenum sleeves by laser welding. The emitter 
assembly was heat treated at 1 450 ℃ under the flow of 
hydrogen. Emission properties of the emitters activated 
at 1 400 ℃  were tested in a close-spaced diode 
configuration in an ultra high vacuum (UHV) system and 
a Mo-cylinder with a water-cooled copper anode. A 
computer-controlled automatic emission testing 
instrument, which had been described in Ref.[6], was 
applied for the measurements. The secondary emission 
properties were measured at 600 ℃ in order to avoid 
the influence of the thermionic emission. 
 
2.3 Observation of microstructure and element 

analysis for surface of sintered materials 
The thermal analysis was carried out on an 

STA−449−Jupiter thermal analysis apparatus. The 
microstructure was observed with Hitachi S−3500N 
scanning electron microscope. In-situ AES analyses were 
carried out with a VG MICROLAB MK-II system. 
 
3 Results and discussion 
 

It was found in our previous work that the surface 
of La2O3-doped Mo emitter was covered by a La2O3 
layer[6]. The secondary emission process includes the 
secondary electrons generating (the inner electrons 
getting energy from the primary electrons), transporting 
to the surface, overcoming the surface barrier potential 
and escaping from the surface. Therefore, the secondary 
emission is related to this RE2O3 layer. RE2O3 is a kind 
of insulator at room temperature. All the secondary 
electrons in an insulator originate from the filled valence 
band deep below the conduction band[11]. When the 
primary electrons collide with RE2O3-doped Mo emitter, 
supposing that these electrons travel in a straight-line 
path, these electrons will transfer their kinetic energy to 
internally generated secondary electrons. As the primary 
electrons lose their initial energy, the production of 
secondary electrons reaches its maximum near the end of 
the primary electrons movement paths. Therefore, the 
internal secondary electrons generated exist in this 
primary range. The penetration depth of primary 
electrons and the escape depth of secondary electrons 
could be calculated by the following expressions 
presented by YOUNG[12] and DEKKER[13], 
respectively: 
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where R is the penetration depth (nm); Ep is the primary 

electron energy (keV); and ρ is the density of the 
materials(g/cm3); 
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where χs is the escape depth and Epm is the primary 
electron energy at the maximum secondary emission 
yield. Eqs.(1) and (2) indicate that the lower the density 
of RE2O3, the larger the penetration depth of primary 
electrons or the escape depth of secondary electrons. The 
larger the penetration depth, the more the number of 
electrons in the emitter which could get the energy from 
the primary electrons, namely, the more the number of 
secondary electrons. So, RE2O3 with lower density 
should have better secondary emission property. Taking 
the cost and density of raw materials into account, La2O3, 
Y2O3, CeO2 and Gd2O3 were chosen as the starting 
materials. Fig.1 shows the penetration depth and escape 
depth for four RE2O3 and ThO2 layers (an important 
composition of ThO2-W emitter used in some 
magnetrons) covered on the related RE2O3-doped Mo 
emitters and ThO2-W emitter. The densities of different 
oxides were obtained in Ref.[14]. It could be seen that 
 

 
Fig.1 Curves of penetration depth of primary electrons (a) and 
escape depth (b) of internal secondary electrons in different 
oxides as function of primary electron energy 
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compared with ThO2, electrons with larger penetration 
depth and escape depth could be obtained for RE2O3. 

The emission properties of these four kinds of 
RE2O3-doped Mo emitters were measured and results are 
shown in Fig.2. It is also found that Y2O3-doped Mo 
exhibits the highest secondary emission property. The 
maximum secondary emission yield (δm) could get to 
5.24 whereas La2O3-doped Mo had the lowest one of 
2.67. Our former report showed that La2O3-Mo prepared 
by solid-liquid doping method could provide the 
secondary emission yields of 2.66 and 2.01 after the 
emitters were activated at 1 600 ℃ and 1 400 ℃, 
respectively. We notice that this emitter could provide the 
same secondary emission property after being activated 
at 1 400 ℃ as the former emitter was activated at 1 600 
℃ , indicating the improvement of the secondary 
emission property. Y2O3 has the largest penetration depth 
and escape depth among all RE2O3 samples. That is why 
Y2O3-doped Mo exhibits the best secondary emission 
property. The secondary emission property of the 
emitters is consistent with the penetration depth and 
escape depth of related RE2O3 except for La2O3-doped 
Mo emitter. 
 

 

Fig.2 δ—Ep curves of different RE2O3-Mo emitters 
 

Fig.3 shows the microstructure of machined surface 
of La2O3-doped Mo and Y2O3-doped Mo emitters. It 
could be seen that many cracks appeared at La2O3 part 
and along the boundaries between La2O3 and Mo 
whereas it is hard to distinguish Y2O3 and Mo grains. 
These results indicate that La2O3 is easy to aggregate and 
the volume of La2O3 increases probably due to the 
formation of other lanthanum compounds. It is well 
known that it is easy for La2O3 to absorb water and gas 
to form other lanthanum compounds, which will lead to 
the volume increase of La2O3, resulting in the cracks on 
the emitter surface and the low secondary emission 
property of the emitter. 

It is well known that metal molybdenum has a lot of 

 

 
Fig.3 SEM images of machined surface of La2O3-Mo emitter (a) 
and Y2O3-Mo emitter (b) 
 
free electrons. The penetration depth of primary electrons 
and escape depth of internal secondary electrons are 
small due to the huge collisions between free electrons of 
molybdenum and primary electrons, free electrons and 
internal secondary electrons, respectively, and thus 
molybdenum has a low secondary electron yield of 
1.4[15]. There are few free electrons in insulator RE2O3. 
The energy loss of the secondary electrons in these rare 
earth oxides is low because of the decrease in the 
collisions between secondary electrons and free electrons. 
The secondary electrons mainly come from RE2O3. 
Supposing that Y2O3 and Mo grains distribute alternately 
and Y2O3 grain has a width of a, the energy of the 
primary electrons as a function of penetration depth has 
been calculated under the assumption that Y2O3 surface 
is bombarded by an electron beam with an area of 10  
nm× 10 nm and composed of 2 000 electrons by 
applying Monte Carlo method. In the magnetron 
practical application, the primary electrons with high 
energy bombard the emitter surface. Fig.4 shows the 
energy distributions of primary electrons in Y2O3 with 
different width under 20 keV electron bombardment, 
where the shade of color indicates the variation of 
incidence electron energy. As shown in Fig.4, the 
electron energy decreases with increasing the width. The 
primary (incidence) electrons lose energy through 
collisions with electrons in the bulk materials. When the 
incidence electrons lose 95% of their energy, primary 
electrons travel to the end of their journey. The depth for 
the primary electrons traveling in the bulk materials 
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could be taken as the penetration depth. The penetration 
depth of electrons is 2 600 nm when Y2O3 has a larger 
width of 4 000 nm(see Fig.4(a)), indicating that the 
secondary electrons are produced in Y2O3 and thus the 
secondary emission mainly occurs in Y2O3. This 
emission could be called as reflection emission. When an 
insulator surface is bombarded with an electron beam, 
the surface is positively charged in the region of Ep 
where δ is larger than 1. As a result, it is expected that 
some of the secondary electrons are pulled back to the 
surface by the positive holes, decreasing the magnitude 
of δ. Therefore, the replenishment of electrons to the 
positive holes generated upon the incidence of primary 
electrons inside the Y2O3-doped Mo materials becomes 
very important. The conductivity of Y2O3 is only 0.28 
S/m at 600 ℃ , indicating that the replenishment of 
electrons from Mo to the holes is difficult since Y2O3 is 
an excellent insulator. So, it is difficult to provide 
continuous emission. Decreasing width of Y2O3 from   
4 000 nm to 2 000, 1 000 and 500 nm, more and more 
incidence electrons will get into molybdenum grain to 
excite electrons in molybdenum. The internal secondary 
electrons produced in molybdenum get back to Y2O3 
grain to excite the electrons in the valence band of Y2O3 
when these internal secondary electrons have the energy 
larger than the bandgap energy Eg of Y2O3. Otherwise, 

they will move to the emitter surface when the energy of 
the internal electrons is low. This kind of emission could 
be called as transmission emission. In such cases, two 
kinds of emissions, reflection emission formed by the 
secondary electrons produced by primary electrons and 
transmission emission formed by the secondary electrons 
in Y2O3 excited by the internal secondary electrons 
produced in molybdenum, exist in the emitter. In 
addition, the positive charging effect of Y2O3 layer, 
leading to a partial recapture of the secondary electrons 
generated on the surface, becomes reduced due to the 
easier flow of electrons from Mo to RE2O3. As a result, 
the secondary electrons can easily move away from the 
surface to vacuum at this stage with the decrease in the 
particle size of Y2O3. 

Fig.5 shows the SEM images of Y2O3-doped Mo 
emitters prepared by mechanical mixing of Y2O3 and Mo 
(we called as solid-solid doping) and liquid-liquid doping 
(two kinds of water soluble compounds of rare earth 
nitrite and ammonia molybdate were used as raw 
materials), respectively. The sample prepared by 
mechanical mixing method has fine microstructure 
whereas the sample prepared by liquid-liquid doping 
method has small grain size. The emitter prepared by 
solid-solid doping has the relatively low secondary 
emission property, i.e., the maximum secondary electron  

 

 

Fig.4 Electron energy distribution in Mo/Y2O3/Mo structure with different width (Electron bombardment energy of 20 keV) 
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Fig.5 Back-scattered electron images of Y2O3-Mo emitter 
prepared by liquid-liquid doping (a) and solid-solid mixing (b) 
 
yield of this emitter is 3.09, far lower than that by liquid- 
liquid doping method which has fine microstructure. 
Therefore, the decrease in the grain size of the emitter is 
favorable for the improvement of secondary emission 
property. 
 
4 Conclusions 
 

1) Y2O3-doped Mo emitter prepared by liquid-liquid 
doping method has fine microstructure whereas that 
prepared by mechanical mixing of Y2O3 and Mo has 
large grain size. 

2) Two kinds of emissions, reflection emission 
formed by the secondary electrons produced by primary 
electrons and transmission emission formed by 
secondary electrons in Y2O3 excited by the internal 
secondary electrons produced in molybdenum, exist in 
the emitter with small grain size, while only reflection 
emission occurs in the emitter with large grain size. 

3) The emitter prepared by liquid-liquid doping 
exhibits better performance in secondary emission, i.e., 
the highest secondary emission yield of 5.24 could be 
obtained, which is about 1.7 times that for the emitter 

prepared by solid-solid- doping method. 
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