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Abstract— Over the past few years vacuum electronics is 
becoming one of the most promising directions of modern 
nanoelectronics, which is connected with the progress in the 
development of triode semiconductor devices with nanoscale 
vacuum channel, demonstrating the high performance, resistance 
to the radiation and aggressive environment, and low power 
consumption [1-3]. With a decrease of the minimum topological 
size the important issue is to find the optimal performance of the 
vacuum triode, providing a stable field emission, taking into 
account the variation in geometry of the triode structure during 
the transition to the submicron design rules. In this work the 
simulation models describing the field-emission characteristics of 
the three different types of field-emission triode structures with 
nanoscale vacuum channel are presented: a) for the planar 
geometry of the cathode and grid electrodes, b) for the vertical 
geometry of the cathode and with the circular aperture of grid 
electrode, and c) for the planar geometry of the cathode in the 
case of isolated grid electrode. Based on these models, the 
geometrical parameters of the triode structures, allowing 
achieving maximum amplification of the electric field on the 
cathode surface with the variation of the cathode radius, the 
"cathode-anode" and "cathode grid" distances, are found which 
determines the tendency of the parametric change of the field 
emission in the process of scaling. As the minimum size of the 
vacuum triode, the technological design standards typical for the 
modern microelectronics industry was used in the range from 90 
to 22 nm (90 nm, 65 nm, 45 nm, 32 nm and 22 nm).

Keywords—Field emission, vacuum triode, scalability, electric- 
field enhancement factor, nanoscale vacuum channel, planar field 
emitter, vertical field emitter, insulated grid electrode

I. In t r o d u c t io n

In the process of transition of existing semiconductor 
devices, developed by CMOS technology, to 90 nm design 
rules and below, one of the main problems is to keep high 
performance and sufficiently low power consumption that 
opens the way to further scaling. However, the scattering of 
charge carriers on the lattice of the semiconductor material, 
the presence of additional defects and current leakage in MOS 
transistors occurring with the reduction of the lithographic 
size, lead to a rapid degradation of its performance. On the 
contrary, the ballistic transport in vacuum provides the rapid 
velocity of electrons transferring from the cathode to the 
anode (the maximum speed of the order of 1010 cm/s) in the 
absence of collisions, which, in turn, is the key to long lifetime 
of carriers and the high ratio of the operational frequency to

the output power. Despite the fruitful steps in the development 
of vacuum microelectronics, there were a number of serious 
shortcomings, which stopped its further progress. The vacuum 
devices were still needed in a sealed package, which was not 
allowed to proceed to the integration circuit. To generate the 
effective field emission high operating voltages were required, 
and the leakage current of the gate in the process of scaling 
significantly reduced the emission properties of the developed 
triode structures [4]. This, ultimately, led to the widespread 
use of silicon technology in the industry of low-power and 
efficient semiconductor devices that is relevant for today. 
However, starting in 2012, the considerable success has been 
achieved in experimental studies of semiconductor field- 
emission triodes with nano-sized vacuum channel [1,2,5], 
where the field emission was observed at voltages below 10 V 
for the distance from emitter to collector of less than 100 nm, 
which gave rise to the emergence of the field of vacuum 
nanoelectronics. Recently, the emission properties of various 
types of field-effect transistors with nano-scale vacuum gap 
and variable design of the grid electrode were theoretically 
analysed in TCAD, which demonstrated the advantage of 
using the circular aperture of grid electrode in the terms of cut
off frequency and energy consumption [3]. Previously, they 
different designs of the vacuum triode were also considered in 
a large number of works. Based on the standard methods of 
photolithography, the vacuum structures with planar geometry 
of the cathode and grid electrodes were obtained in [6] for the 
easy integration of this technology into CMOS process 
technology with the high control of parasitic capacitance 
between the cathode and control electrodes. The development 
of the vacuum triode with an insulated grid electrode made it 
possible to prevent the disadvantage of such a planar design of 
the triode associated with the leakage current in the process of 
emission [7]. For a long time the vacuum structure with the 
vertical geometry of the field emitter remains relevant, where 
the improvement of the Spindt technology [8] helps to create 
the array of field emitters for the generation of large field- 
emission current over a large area [9,10]. However, there is 
still no comprehensive analysis of the electronic properties of 
the above types of vacuum triode systems in case of scaling of 
the vacuum channel to the nanometer level, which may be 
useful for the selection of optimal both structural and electrical 
parameters of nanoscale vacuum transistors with respect to
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their implementation in the space industry, 
electronics and wireless telecommunications.

ultra-fast

This paper gives a quantitative evaluation of the field- 
emission characteristics of these types of triode structures with 
nanoscale vacuum channel, which is given by the variation of 
the enhancement factor of the electric field at the cathode 
depending on the radius of the cathode, the "cathode-anode" 
and "cathode-grid" distances for the scaling of design rules in 
the range varied from 90 to 22 nm.

II. Th e  Fie l d -Em is s io n  Tr io d e  St r u c t u r e s  With  
Na n o s c a l e  Va c u u m  Ch a n n e l : Th e  Sim u l a t io n  Mo d e l

For the comparison of field-emission characteristics of a 
triode with a nanoscale vacuum channel the three most 
common types of vacuum structures were chosen that is 
shown in Fig. 1: a) planar geometry of the cathode and grid 
electrodes, b) vertical geometry of the cathode with the 
circular aperture of the grid electrode, and c) planar geometry 
of the cathode with isolated grid electrode.

Fig. 1 Three types of field-emission triode structures with nanoscale 
vacuum channel: a) the cathode and the grid electrodes are in the plane of the 

layers, b) the cathode perpendicular to the plane of the layers, and the grid 
electrode is considered as the circular aperture and c) the cathode is in the 

plane of the layers, and the grid electrode is isolated from the system 
"cathode-anode" by the thin dielectric layer.

As the scalable parameters of the vacuum triode 
configurations (a) and (b), the following parameters was 
selected here: dCA=dCG+dGA is the distance between the 
cathode and the anode (distance "cathode-anode"), where dGA 
is the distance between the control grid electrodes and the 
anode (distance "grid-anode"), dCG is the distance between the 
cathode and the grid electrodes (distance "cathode-grid"), dG is 
the half of the distance between the control grid electrodes (for 
the configuration (b), it is the radius of the circular aperture of 
grid electrode). For the configuration of the triode (c) the 
distance dCA also was ranged, while the value dG was taken as 
the thickness of the dielectric layer separating the bottom 
electrode from the vacuum system "cathode-anode" with the 
nanoscale vacuum gap. Since it is known that with decreasing 
radius of the emitter tip the electric field at the cathode surface 
also increases, this radius was taken in the simulation equal to 
5 nm.

As the parameter of technological design rules, 
determining the minimum lithographic size, the value dG  

scaling from 90 to 22 nm by the next steps: 90 nm, 65 nm, 45 
nm, 32 nm and 22 nm. By default, the distance was assumed 
equal to 500 nm, whereas for a triode configurations (a) and 
(b) the grid electrodes were located at the center of curvature 
of the surface of the cathode, that is, when the distance dC G  is 
equal to 5 nm.

As one of the major characteristics determining the 
efficiency of the field emission in the vacuum triode is the 
form factor of amplification of the electric field on the cathode 
surface. Usually this factor can be described by two 
components each of these determines the relationship between 
the local electric field El o c  near the surface of the cathode tip 
and the potential difference "cathode-grid" 9Cg=VC-Vg and 
cathode-anode" 9Ca=VC-Va correspondingly, when the 
cathode potential is zero:

P G —  -

d(pCG
d E o
d V r,

r  d E ‘ocPa 7 , d E o  
d V , 1)

(

where pG is the enhancement factor from the grid 
electrodes, pA is the enhancement factor from the anode.
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where Eg, Ea are individual contributions to the electric 
field from the grid electrodes and the anode, respectively, the 
values pG and pA in the linear approximation of the electric 
fields can be represented as:

a Eloc V a — 0V ) , .  E J V g — 0V )
Pg — T7 Pa —

V V 4)
(

in this work we consider the variation of the enhancement 
factor pG which contributes most to the formation of an 
electric field on the cathode surface, in the dependence from 
the variation of geometry of the considered triode 
configurations.

III. a  c o m p a r is o n  o f  t h e  e l e c t r ic -f ie l d  e n h a n c e m e n t  
f a c t o r s  o n  t h e  c a t h o d e  s u r f a c e , d e p e n d in g  o n  th e  

d e s ig n  r u l e s  o f  v a r io u s  t y p e s  o f  f ie l d -e m is s io n  t r io d e  
st r u c t u r e s  w it h  n a n o s c a l e  v a c u u m  c h a n n e l

Fig. 2 shows the non-monotonic dependences of the 
electric-field enhancement factor from the distance for the 
configurations of the triode (a) and (b), where there is the 
extremum close to the shift of the grid electrodes at the 
distance of about 5 nm relative to the cathode surface, that 
indicates the amplification of the influence of grid electrodes 
in relation to the anode. it is easy to see, that the value in the 
case of vertical geometry of the cathode (b) is two times 
higher than the analogous value in the case of its planar 
geometry (a), while it changes similarly with the scalability 
for two types of triodes.

CA

(
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Fig. 2. -  The dependence of the electric-field enhancement factor pG , 
induced by the influence of the grid electrodes, from the distance dC G  for the 
configuration of the triode: (a) the planar geometry of the cathode and grid 

electrodes and (b) vertical geometry of the cathode and circular aperture of the 
grid electrode for the different topological design rules (value dG).

The dependences of electric-field enhancement factor pG  

from the distance dC A  are shown at Fig.3-5 for three types of 
configurations of the vacuum triode for the different 
scalability, which in all three cases point to the weakening of 
the influence of the anode and the growing influence of the 
grid with increasing value of dC A . Thus, it is noticeable that in 
the range dC A >90 nm the form factor pc  tends to the saturation 
value.

Fig. 4. -  The dependence of the electric-field enhancement factor pG , 
induced by the influence o f the grid electrodes, from the distance dC A  for the 
configuration of the triode with the vertical geometry of the cathode and the 

circular aperture o f grid electrode for different topological design rules (value
dG).

As shown in the Fig. 5, in the case of the use of isolated 
grid electrode in the triode, which corresponds to 
configuration, the magnitude of the pG takes an intermediate 
value between the value in the configuration with the planar 
geometry of the cathode and grid electrodes, and the 
configuration with the vertical position of the cathode and the 
circular aperture of grid electrode. The given structure is most 
prospective because it helps to avoid leakage currents.

Fig. 3. -  The dependence of the electric-field enhancement factor pG , 
induced by the influence of the grid electrodes, from the distance dC A  for the 
configuration of the triode with the planar geometry of the cathode and grid 

electrodes for different topological design rules (value dG).

From Fig. 4 it is clear that the form factor pG increases 
significantly in the transition from planar to vertical geometry 
of the cathode.
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Fig. 5. -  The dependence of the electric-field enhancement factor pG , 
induced by the influence of the grid electrodes, from the distance dC A  for the 
configuration of the triode (c) with the planar geometry of the cathode for the 
case of isolated grid electrode for different topological design rules (value dG).

The given structure is most prospective because it helps to 
avoid leakage currents.

IV. Co n c l u sio n s

Thus, the results of simulation of the field emission 
characteristics in three different configurations of a vacuum 
triode with a nanoscale vacuum channel, in particular, the
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electric-field enhancement factor on the cathode surface, 
proved that it significantly changes with the variation of the 
scalability of vacuum structure. The maximum value of pG is 
achieved in the case of the configuration of the triode, the 
minimum one -  in the case of a configuration of a triode. The 
new geometry of the triode with isolated grid electrode allows 
achieving the intermediate values of this form factor.

Ac k n o w l e d g m e n t

This work was supported by the Ministry of Education and 
Science of the Russian Federation (within the agreement № 
14.578.21.0188, id RFMEF57816X0188).

Re f e r e n c e s

[1] Srisonphan S., Jung Y.S., Kim H.K. Metal-oxide-semiconductor field- 
effect transistor with a vacuum channel. // Nature Nanotechnology, 
2012, 7, 504 - 508.

[2] Han J.-W., Oh J.S., Meyyappan M. Vacuum nanoelectronics: Back to 
the future? -  Gate insulated nanoscale vacuum channel transistor. // 
Applied Physics Letters, 2012, 100, 213505, 5 pp.

[3] Kim J., Kim J., Oh H., Meyyappan M., Lee J-S. Design guidelines fo 
nanoscale field emission transostors.// Journal of Vacuum Science & 
Technology, 2016

[4] Stoner B.R., Glass J.T. Nanoelectronics: Nothing is like a vacuum. // 
Nature Nanotechnology, 2012, 7, 485-487.

[5] Han J.-W., Oh J.S., Meyyappan M. Nanoscale vacuum channel 
transistor. // IEEE 14th International Conference on Nanotechnology 
(IEEE-NANO), August 18-21, 2014, ISBN: 978-1-4799-5622-7.

[6] Park S.S., Park D.-I., Hahm S.-H., Lee J.-H., Choi H.-C., Lee J.-H. 
Fabrication of a lateral field emission triode with a high current density 
and high transconductance using the local oxidation of the polysilicon 
layer. // IEEE Transactions on Electron Devices, 1999, 46(6), 1283 -  
1289.

[7] Park I.-J.,, Jeon S.-O., Shin C.. A New Slit-Type Vacuum-Channel 
Transistor // IEEE Transactions on Electron Devices, 2014, 61(12), 4186
-  4191.

[8] Spindt C.A., Holland C.E., Rosengreen A., Brodie I. Field-emitter arrays 
for vacuum microelectronics. // IEEE Transactions on Electron Devices, 
1991, 38(10), 2355 -  2363.

[9] Nagao M., Yoshida T. Fabrication of gated nano electron source for 
vacuum nanoelectronics. // Microelectronic Engineering, 2015, 132, 14
-  20.

[10] Avdic A., Lausch A. M., Bertagnolli E., Lugstein A. Miniaturized 
Wide-Range Field-Emission Vacuum Gauge// Nanomaterials and 
Nanotechnology, 2014, 4, 1 -  4.

495


