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Abstract. This work shows the possibility of forming a planar diode structure based on carbon
nanotubes formed on a catalytic alloy film Co-Nb-N- (O). The paper presents a technological
route for the formation of a planar diode structure Si/SiO,/SisN4#/Co-Nb-N-(0)/SiO, and
studies the emission characteristics. The current-voltage characteristic of the obtained diode
structure in the Fowler-Nordheim coordinates is close to linear in the range from 15 to 22 V,
which confirms the phenomenon of electron emission.

1. Introduction

In the modern world, intelligent robotic systems are used in almost all sectors of the economy and
rapidly developing. It is impossible to imagine modern mechanical engineering, medicine, automatic
spacecraft, unmanned vehicles and aircraft, and more without using them [1-3]. All the work of
intelligent robotic systems is possible due to the development of semiconductor integrated circuit (IC)
technology. A known disadvantage of semiconductor electronics is the low radiation resistance of
common integrated circuits. The operation of semiconductor ICs turns out to be sensitive to the action
of high-energy particles, which manifests itself in the appearance of radiation defects and disruption of
the operation of p-n junctions, and, as a consequence, leads to failure of the IC [4-6].

Integrated field emission microdevices is a promising area of microelectronics associated with the
qualitatively new materials using that can be used as low-voltage and highly stable field-emission
emitters for flat-panel displays and devices for vacuum microwave microelectronics. The
attractiveness of these devices lies in the fact that high-energy particles and large temperature
differences do not affect the performance of these devices. The relatively small diameter of carbon
nanotubes (CNTs) compared to their length leads to a unique aspect ratio that plays an important role
in emission electronics. The high aspect ratio, in combination with high mechanical strength and
chemical stability, make the use of carbon nanotubes (CNTSs) more attractive as emission cathodes for
electric vacuum devices in comparison with other known materials, for example, molybdenum,
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silicon, diamond, graphite. [7-11] However, today there are no technologies for the manufacture of
these devices in micron and integral form, when a plurality of these elements is concentrated in a small
volume.

In the traditionally used methods of growing carbon nanotubes, catalyst particles are forming on
the surface of a solid by condensation of a small amount of the catalyst. This method is difficult to
integrate into an integrated technology because of the layer of catalyst particles can be uncontrollably
removed during the etching operation. In previous studies, our research group has already obtained
structures with CNTs synthesized on a catalytic amorphous alloy. The possibility of local growth of
carbon nanotubes at the edges of the Ni-Nb-N-(O) film was also demonstrated [12-15]. The
attractiveness of the proposed approach is the using of multicomponent alloy films. It makes possible
to carry out the etching operation and then, during heat treatment, locally form clusters on the surface
of a thin alloy film.

In this work, the growth of carbon nanotubes was carried out on a Co-Nb-N-(O) catalytic film with
a low content of the catalytic substance. A test design of a planar microelectro-vacuum diode was
developed. The possibility of forming test elements, including an anode and a cathode with carbon
nanotubes, has been demonstrated. The current-voltage characteristics of this structure were obtained,
which made it possible to evaluate the emission characteristics of the formed device.

2. Experimental

To form a planar diode structure, 1200 mm monocrystalline silicon substrates were used. The substrates
have previously passed the standard chemical treatment in KARO and PAR solutions. A SiO, film
with a thickness of about 300 nm was formed on the surface of the wafers by thermal oxidation of
silicon. Next, a thin SizN,4 film with a thickness of 170 nm was formed by chemical vapor deposition
using an HCVD-55 machine. A catalytic film of the Co-Nb-N-(O) alloy was deposited by magnetron
sputtering in a vacuum. The thickness of the Co-Nb-N-(O) catalytic film was about 350 nm. Then, the
obtained multilayer structure Si/SiO,/SizN4/Co-Nb-N-(O) was covered by a masking layer of SiO,
with a thickness of about 800 nm, formed by CVD. Then the photolithography process was carried out
to create a relief of the multilayer structure.

The resulting structure Si/SiO./SisN4/Co-Nb-N-(O)/SiO,. Etching process is an important stage
which makes possible to form a relief and create open edges of the catalytic film. The main etching
mechanism was ion bombardment, and the etching was monitored by using SIMS sensors. At the final
stage, the synthesis of arrays of carbon nanotubes was carried out using plasma-stimulated chemical
vapor deposition at PlasmalLab System 100 (Oxford Instruments). CNTs were formed by the CVD
method at substrate temperature of 700°C in a flow of acetylene with added ammonia during 5
minutes. Experimental samples were studied using scanning electron microscopy at FEI Helios
NanoLab 650i. The resulting planar diode structure is shown at figure 1. At this stage, in order to
simplify the technological process, the same catalytic material was used as the anode material as for
the cathode. In the future, the structure will be modified to obtain CNTs only at the cathode.

Sio,

Alloy
Co-Nb-N-(O)

Cathode

Figure 1. Schematic diagram of a planar emission diode based on CNTs formed at the edge
of a Co-Nb-N-(O) thin film.
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The emission characteristics study of the obtained planar diode structures was carried out on a
special stand using a software-hardware complex. This complex includes the following equipment:
Keithley 2410C picoammeter, Yokohawa 710120 oscilloscope, Agilent N9310A RF signal generator,
Agilent N9320B spectrum analyzer. The stand for measuring the field emission characteristics of
samples with CNTs makes it possible to perform electrophysical measurements at constant voltages
under vacuum conditions.

3. Results and discussion

A technological route was developed for the formation of structures with carbon nanotubes at the
edges of the Co-Nb-N-(O) catalytic film. All operations on the formation of the relief made it possible
to create the final geometry of the diode planar structure. At the last stage, the formation of arrays of
carbon nanotubes at the ends of the catalytic film was carried out. The created topology of test
structures has a cathode and an anode (figure 2). The average diameter of a CNT is about 15 nm, the
length is in the range from 0.8 to 5 um.

Figure 2. Test element of a planar diode structure with a cathode and anode.
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Figure 3. Current-voltage characteristic of the obtained diode structure based on CNTSs.

The results of measuring the emission properties of the resulting diode structure are shown at
figures 3-4. Figure 3 shows the current-voltage characteristic of this structure. As you can see from the
figure, the 1-V characteristic has a nonlinear dependence. A sharp increase in current is observed at
voltages above 15 V. To substantiate that the obtained form of the experimental I-V characteristic is
due to the phenomenon of electron emission, it was analyzed on the basis of the Fowler-Nordheim
theory [16].
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Figure 4. Current-voltage characteristic of the resulting structure in Fowler-Nordheim coordinates
with approximation of the area from 0.045 to 0.065 by a linear dependence.
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Figure 4 shows that in the Fowler-Nordheim coordinates, the current-voltage characteristic has a
zigzag shape. As you can see, in the range of values 0.045 to 0.065, there is a section that can be
approximated by a linear function. As can be seen from the figure, the characteristic for the obtained
structure in the Fowler-Nordheim coordinates is indeed close to linear in the range from 15 to 22 V,
which confirms the phenomenon of electron emission. Forbes test was performed to confirm the
phenomenon of electron emission [17]. Forbes test consists in calculating the range of f; and f,, where
f is the scaled barrier field on the emitter surface f at a certain voltage U [18]. The calculated values of
f; and f, for the obtained experimental data were 0.11 and 0.14, which is close to the lower edge of the
permissible range and indicates the correspondence of the registered | — V characteristic to the
«orthodox» theory.

4. Conclusion

A technique for the formation of a planar emission diode with a cathode based on CNTs formed at the
edge of a thin film of the Co-Nb-N-(O) alloy was demonstrated in this work. The attractiveness of the
proposed approach of using multicomponent alloy films makes it possible to carry out the etching
operation and then, during heat treatment, locally form clusters on the surface of a thin alloy film. The
formed planar diode structure demonstrated an emission I-V characteristic with a fairly low emission
threshold of ~15 V.

Acknowledgement
This work was supported by the Russian Foundation for Basic Research (project 19-38-90206) and by
the State assignment 2020-2022 Ne FSMR-2020-0018.

References

[1] WangJ 2005 Electroanalysis 17(1) 7-14

[2] Mochalin V N, Shenderova O, Ho D and Gogotsi Y 2011 Nature Nanotechnology 7(1) 11-23

[3] Bakshi SR, Lahiri D and Agarwal A 2010 International Materials Reviews 55(1) 41-64

[4] Zebrev G | 2010 Radiation Effects in Silicon High Scaled Integrated Circuits (in Russian)
Russia 148

[5] Leroy C and Rancoita P-G 2007 Rep. on Prog. in Phys. 70(4) 493-625

[6] Pease R L 2003 IEEE Transactions on Nuclear Science 50(3) 539-551

[7] TanC, Huang X and Zhang H 2013 Materials Today 16(1-2) 29-36

[8] Vasudévan A K and Petrovic J J 1992 Mat. Sci. and Eng.: A 155(1-2) 1-17

[91 Mochalin V N, Shenderova O, Ho D and Gogotsi Y 2011. Nature Nanotechnology 7(1) 11-23

[10] Sun'Y 2015 28th Internat. Vac. Nanoel. Conf. (IVNC) 118-119

[11] LinP H, Sie CL, Chen C A 2015. Nanoscale Res Lett. 10 297

[12] Mierczynski P, Dubkov S, Vasilev K, Maniecki T, Kitsyuk E, Yeritsyan G and Gromov D
2021 J. of Mat. Res. and Tech. 12 512-520

[13] Mierczynski P, Dubkov S V, Bulyarskii S V, Pavlov A A, Skorik S N, Trifonov A Y and
Gromov D G 2018. J. of Mat. Sci. & Tech. 34(3) 472480

[14] Dubkov S, Trifonov A, Kitsyuk E, Pavlov A, Bulyarsky S, Skorik S and Gavrilov S 2017 J.
Phys.: Conf. Ser. 829 012002

[15] Dubkov S, Bulyarskii S, Pavlov A, Trifonov A, Kitsyuk E, Mierczynski P and Gromov D 2016
SPIE Proceed. 10224

[16] Fowler R H and Nordheim L 1928 Proc. R. Soc. Lond. A. 119 173-181

[17] Forbes R G 2013 Proc. R. Soc. A. 469 20130271

[18] Kolosko A, Filippov S, Romanov P, Popov E and Forbes R 2016 J. of Vac. Sci. & Tech. 34(4)



