
  第 47 卷  第 2 期                          电 子 科 技 大 学 学 报                             Vol.47  No.2   
    2018年3月             Journal of University of Electronic Science and Technology of China                Mar. 2018 

 

 
 

Structural Design of LaB6 Composite Field Emission Array Cathode 
 

DENG Jiang1, GE Yan-bin 2, YU You1, and WANG Xiao-ju3 
(1. College of Optoelectronic Technology, Chengdu University of Information Technology  Chengdu  610225;   

2. Fuzhou BOE Optoelectronics Technology Co. Ltd.  Fuzhou  350000; 

3. School of Optoelectronic Science and Engineering, University of Electronic Science and Technology of China  Chengdu  610054) 

 
Abstract  In order to improve the operation stability of traditional Spindt field emission array cathode, a 

novel structure of lanthanum hexaboride (LaB6) composite field emission array cathode is proposed, which 
includes an amorphous silicon resistance layer, a molybdenum transition layer, and a lanthanum hexaboride emitter 
layer. The influences of the thickness of the resistive layer, the transition layer, and the emitter layer on the thermal 
stress field distribution of the cathode are simulated by ANSYS and the results of simulation are verified by 
experiments. Simulation results show that the thickness of the resistive layer does not affect the distribution of the 
thermal stress field, but only changes the value of the thermal stress. The maximum thermal stress of the cathode 
decreases as the thickness of the resistive layer increases. The transition layer can effectively alleviate the thermal 
stress of the emission layer, and its thickness affects the field distribution of thermal stress. As a result, the optimum 
parameters are as follows: a-Si layer thickness is 72 nm, Mo layer thickness is 200 nm, and LaB6 layer thickness is 
728 nm. The thermal stress test results of the films are consistent with the simulation results, which proves the 
feasibility of reducing the thermal stress by introducing the transition layer and the resistive layer. 
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【摘要】为了提高传统Spindt型场发射阵列阴极的稳定性，提出了一种新型的LaB6复合型场发射阵列阴极结构，该结构包

括非晶硅电阻层、钼过渡层和六硼化镧发射体层。基于ANSYS平台模拟了该阴极中电阻层、过渡层和发射体层厚度对热应力

场分布的影响，并根据仿真结果进行了实验验证。仿真结果表明，电阻层厚度不影响热应力场的分布，只是改变热应力的大

小；随着电阻层厚度的增加，阴极最大热应力会减小；过渡层可以有效减缓发射层的热应力，且过渡层的厚度会影响热应力

场的分布；当电阻层厚度为72 nm，过渡层厚度为200 nm，发射层厚度为728 nm时，阴极最为稳定。薄膜热应力测试结果与模

拟结果基本一致，证实了引入过渡层和电阻层对于减小阴极热应力的可行性。 
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Compared with traditional thermionic cathode, 
field emission array cathode (FEAs) has several 
advantages, such as low operating temperature, strong 
controllability, large emission current, and short 
response time. It has attracted extensive attention in the 

applications of high-frequency devices, flat panel 
displays, x-ray tube, and so on[1-4]. Take the field 
emission traveling wave tubes (TWTs) as an example. 
Firstly, it can work at room temperature without any 
heating equipment, resulting in low power 
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consumption. Secondly, it is very easy to adjust 
emission current by changing the gate voltage, 
showing excellent switching characteristics and 
extremely high response speed. Reference [5] have 
reported the experimental results of implementation of 
Mo-FEA as the electron source for a moderate power 
traveling wave tube operating in the C-band frequency 
regime. The cold cathode TWT has operated for over 
150 h at duty factors up to 10% and beam currents up 
to 121 mA. Although field emission cathode has made 
great progress in recent years, there are also some 
problems in the practical applications, mainly 
including its emission instability[6-9]. The possible 
reason for the emission instability is that it is very 
difficult to prepare millions of microtips with the same 
shape on a silicon substrate. Thus, searching new 
materials and developing novel structures for field 
emission arrays are urgently needed.  

A few novel structures of FEAs have been 
fabricated and shown enhanced performance in some 
papers. References [10-11] fabricated mesh shaped 
resistor layers in a FEA, and Ref.[12] manufactured 
Spindt FEA with distributed series resistors. Both of 
them confirmed that the resistor grid layers may 
favorably improve the performance of an FEA. In 
addition, Ref.[13] reported a Spindt-type FEA with 
lanthanum hexaboride (LaB6) as the emitting material. 
It exhibited an average emission current as high as 
about 0.23 A/tip, implying that LaB6 emitter was a 
promising candidate for high current density vacuum 
electronic device. 

In this work, a novel structure of Spindt-FEA was 
proposed. It included three layers: amorphous silicon 
(a-Si) film as a resistance layer, molybdenum (Mo) 
film as a transition layer, and LaB6 film as an emission 
layer. The amorphous silicon film could effectively 
limit the abnormal emission of some microtips, which 
played a role in protecting the entire field emission 
cathode array. Molybdenum film connected amorphous 
silicon and LaB6 film through its suitable thermal 
expansion coefficient, improving the working stability 
of FEAs. LaB6 emitter was introduced to enhance the 
emission performance of cathodes, owing to its low 
work function and excellent mechanical stability 

against ion bombardment. Considering the thermal 
stress caused by the above three layers stacking, the 
finite element analysis software ANSYS14.0 was used 
to simulate the influence of each layer thicknesses on 
the distribution of thermal stress field of the cathode. 
The optimal structural parameters were obtained, and 
the accuracy of the simulation results was verified by a 
DTI-500 thermal stress meter. 

1  Finite Element Model Establishment 
Figure 1 shows the two-dimensional plane 

mathematical model of the cathode used in our 
simulation. Firstly, the thickness of the resistive layer 
was studied, which seriously affected the emission 
current of the cathode. According to the literature[13], 
the emission current of LaB6-FEA single tip was about 
0.24 μA at gate voltage of 165 V. Thus, assuming that 
with the addition of the resistive layer, the gate voltage 
was reduced by 25%, 30%, 35%, and 40%, and the 
thickness of the resistive layer could be calculated as 
45, 54, 63 and 72 nm respectively on the basis of 
Ohm’s law and resistance formula. In addition, the 
thickness of the transition layer was set to 0, 0.1, 0.2, 
0.3 and 0.4 μm, respectively. The height of silicon 
substrate and the whole tip were both fixed at 1 μm. 

 

n-Si 

LaB6 

Mo 

a-Si 

 
Fig.1  Simulation model of LaB6 composite field 

emission array cathode 

Next, the working temperature of LaB6 composite 
field emission array was needed to be confirmed and 
turned into mathematical language for ANSYS 
simulation. Because the bottom size and height of the 
cathode were both in the micron level, the operating 
temperature was set to steady-state temperature field, 
that is, the temperature of any point in the cathode did 
not change with time. In addition, only heat conduction 
was considered in the heat transferring process, 
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ignoring the thermal convection and thermal radiation. 
During the simulation, it was assumed that the 

material parameters of cathode (lanthanum hexaboride, 
molybdenum, amorphous silicon and silicon substrate) 
did not change with the temperature, so there was no 
need to define the function of material properties and 
temperature. Four material parameters associated with 
thermal analysis were defined: thermal conductivity, 
elastic modulus, coefficient of thermal expansion, and 
Poisson’s ratio, as shown in Table 1[14]. 

Tab.1  Material parameters of Spindt cathode 

Each layer 
Thermal 

conductivity/ 
W⋅m−1⋅K 

Elastic 
modulus 

/Gpa 

Coefficient of 
thermal expansion

/10−6⋅k−1 

Poisson’s 
ratio 

n-Si (substrate) 150 170 2.5 0.3 
a-Si 

(resistive layer) 
1.5 360 3.6 0.278 

Mo  
(transition layer) 

138 330 5.3 0.3 

LaB6 

(emission layer) 
45 160 6.5 0.3 

2  Simulation Results and Discussions 
Figure 2 compares the results of the stress 

simulation of the cathodes at loading temperatures of 
80 ℃ and 400 ℃, respectively. It is found that the 
loading temperature variation has little effect on the 
thermal field distribution of the model. The maximum 
stress of both cathodes appear at the center of the 
molybdenum layer, with the value of 1.54×108 Pa and 
9.8×108 Pa, respectively. In our experiment, the 
thermal field distribution is the focus. Thus, the 
loading temperature of the cathode is set to 80 in the 
next simulation. 

0.144×1090.414×108 0.756×108 0.110×109 

0.243×108 0.585×108 0.927×108 0.127×109 0.161×109

a. 80 ℃  

0.154×109 0.371×109 0.587×109 0.804×109 0.102×1010

b. 400 ℃ 

0.912×1090.262×109 0.179×109 0.696×109 

 
Fig.2  Thermal stress distribution of the cathode at different 

loading temperatures 

Figure 3 shows the thermal stress distribution of 
the cathode without a resistive layer and transition 
layer. The maximum stress up to 8.2×107 Pa appears at 
the emission layer, which is harmful to the working 
stability of the emitter.  

0.249×108 0.338×108 0.428×108 0.518×108 0.608×108

0.563×1080.293×108 0.383×108 0.473×108 

 
Fig.3  Thermal stress distribution of the cathode without a 

resistive layer and transition layer  

Figure 4 shows the thermal stress field of the 
model without a transition layer (h2=0 nm). The 
thickness of the resistive layer (h1) is 45 nm and the 
height of the emitter is 0.955 μm. The equivalent stress 
distribution of the cathodes with different thickness of 
resistive layer is similar. It indicates that, when there is 
no transition layer, the maximum value of the thermal 
stress appears at the interface between the emission 
layer and the resistance layer.  

Figure 5 shows the corresponding thermal stress 
values of the model without a transition layer. The 
abscissa (h) represents the distance between the points 
on the center axis of the model and the center of 
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substrate bottom, as shown in Figure 4. It is found that 
no matter how thick the resistive layer is, the 
maximum thermal stress always appears at the 
interface between the emissive layer and the resistive 
layer. However, with the increase of the thickness of 
resistive layer, the maximum thermal stress is 
obviously reduced. In addition, the thermal stress of 
the emissive layer always keeps at a high value 
(8.0×107～9.1×107 Pa).  

0.118×109 0.381×108 0.648×108 0.916×108 

h

0.782×108 0.247×108 0.515×108 0.105×109 0.132×109

 
Fig.4  Thermal stress distribution of the cathode without a 

transition layer (h1=45 nm)  
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       Fig.5  Thermal stress of the cathode at h2=0 nm  

Figure 6 shows the thermal stress in the model 
when the thickness of transition layer is 0.1 μm. 
Compared with Figure 5, the simulation results show 
obvious changes with the addition of the transition 
layer. Firstly, the position of the maximum stress in the 
model changes to the interface between the transition 
layer and the emission layer. Secondly, the thermal 
stress value of emission layer is obviously lower than 
that of h2=0 μm, which is about 6.5×107～7.8×107 Pa. 

It indicates that, the molybdenum transition layer 
indeed has an effect on alleviating the thermal stress of 
the emission layer, acting as a gradient role in the 
model. However, unfortunately the large stress at the 
interface leads to the deformation of the transition 
layer or/and the emission layer, which is bad for the 
operation stability of the cathode. Thus we can 
conclude that the parameter of h2=0.1 μm does not 
meet the expected design requirements. 
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      Fig.6  Thermal stress of the cathode at h2=0.1 μm  
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        Fig.7  Thermal stress of the cathode at h2=0.2 μm  

Figure 7 shows the thermal stress in the model 
when the thickness of transition layer is 0.2 μm. 
Regardless of the thickness of the resistive layer, the 
maximum thermal stress appears inside the transition 
layer. Compared with the results of h2=0.1 μm, the 
thermal stress of the emission layer decreases slightly, 
which is about 6.4×107～7.7×107 Pa. The above two 
features are beneficial to the cathode stability. 
Moreover, as the thickness of the resistive layer 
increases, the maximum value of the thermal stress is 
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smaller. For example, when the thickness of the 
resistance layer increases from 45 ～ 72 nm, the 
maximum thermal stress decreases by 0.6×107 Pa. It is 
known that, the smaller the thermal stress is, the more 
stably the cathodes work. Thus, we can conclude that 
when the transition layer is 0.2 μm and the resistance 
layer is 72 nm, the simulation results are ideal and the 
thermal stress distribution of the cathode is shown in 
Figure 8. 

0.162×109 0.438×108 0.831×108 0.122×109 

0.103×1090.241×108 0.634×108 0.142×109 0.181×109
 

Fig.8  Thermal stress distribution of the cathode at h1=0.072 

μm, h2=0.2 μm 

Figure 9 and Figure 10 show the thermal stress in 
the model when the thickness of transition layer is 
0.3 μm and 0.4 μm, respectively. Compared with the 
results of h2=0.2 μm model, the thermal stress of the 
emission layers in Fig.9 and Fig.10 both increases 
slightly. All the maximum stress values appear at the 
interface between the a-Si film and Mo film, which 
may cause the resistance layer to deform or fall off, 
and result in operation instability of the cathode. 
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     Fig.9  Thermal stress of the cathode at h2=0.3 μm  
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     Fig.10  Thermal stress of the cathode at h2=0.4 μm  

3  Experimental Results and Discussions 
According to the simulation results, the optimum 

parameters are as follows: a-Si layer thickness is 72 
nm, Mo layer thickness is 200 nm, and LaB6 layer 
thickness is 728 nm. The above parameters were 
experimentally verified in our paper. Firstly, a-Si film 
with thickness of ～75 nm was deposited on n-Si 
substrate, and followed by LaB6 film with thickness 
of ～750 nm. Then another three-layer structure was 
also prepared, which included a-Si layer (～75 nm 
thickness), Mo layer (～205 nm thickness) and LaB6 
layer (～750 nm thickness) in turn. The thermal stress 
of the above two structures were tested by a thermal 
stress meter.  

Tab.2  Thermal stress test results of a-Si-LaB6 double films 

Parameters a-Si layer LaB6 layer 
Film thickness/nm 75 750 

Thermal stress×107/Pa 9.0 8.4 

Tab.3  Thermal stress test results of a-Si-Mo-LaB6 triple films 

Parameters a-Si layer Mo layer LaB6 layer 
Film thickness/nm 75 205 750 

Thermal stress×107/Pa 7.8 9.3 6.2 

 
Table 2 and Table 3 show the results of thermal 

stress analysis of the double and triple films, 
respectively. When there is no molybdenum transition 
layer (Tab.2), the thermal stress of amorphous silicon 
layer is much larger than that of lanthanum hexaboride 
layer, which is consistent with the simulation results in 
Fig.5 (h1=72 nm).The average thermal stress of the 
amorphous silicon layer and the lanthanum hexaboride 
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layer in Fig.5 (h1=72 nm) are calculated to be 8.5×107 
Pa and 8.3×107 Pa, respectively, which are slightly 
lower than the test results. 

On the other hand, when the molybdenum 
transition layer is added (Tab.3), the maximum thermal 
stress value appears in the molybdenum film layer, 
which is consistent with the simulation curve in Fig.7 
(h1=72 nm). Compared with the data in Tab.2, the 
thermal stress of the lanthanum hexaboride layer is 
greatly reduced, confirming that the molybdenum 
transition layer does have an effect on alleviating the 
thermal stress of the emission layer. In addition, the 
average thermal stresses of the amorphous silicon layer, 
molybdenum layer, and lanthanum hexaboride layer in 
Fig.7 (h1=72 nm) are 8.0×107, 8.5×107and 6.6×107 Pa, 
respectively. The possible reason for the thermal stress 
difference between the measurement and simulation 
results is that, the simulation result is the average stress 
under the ideal parameters of each layer, while the test 
value is the single experimental result. However, it 
should be noted that, the experimental value of thermal 
stress is less than 10% compared with the simulation 
result, which is within the allowable range. 

4  Conclusions 
In conclusion, the influence of the thickness of 

each layer of LaB6 composite field emission array on 
the thermal stress has been simulated based on the 
ANSYS platform. The optimal structural parameters 
are determined and verified by experiments, and the 
following conclusions are obtained: 

1) The thickness of resistive layer does not affect 
the distribution of the thermal stress field, but the 
maximum value of the thermal stress decreases with 
the increase of resistive layer thickness. 

2) The introduction of the transition layer has a 
significant effect on reducing the thermal stress of the 
emission layer. 

3) The simulation results show that the optimum 
structural parameters of the cathode are as follows: the 
thickness of the resistive layer is 72 nm, the thickness 
of the transition layer is 200 nm, and the thickness of 
the emitter layer is 728 nm. 

4) The thermal stress test results are consistent 

with the simulation results, which confirm the 
importance of molybdenum film for improving the 
stability of the cathode. 
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