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Abstract

:

The carbon nanotube (CNT) cold cathode is an attractive choice for millimeter and terahertz vacuum electronic devices owning to its unique instant switch-on and high emission current density. A novel, dual-gridded, field emission architecture based on a CNT cold cathode is proposed here. CNTs are synthesized directly on the cathode surface. The first separating grid is attached to the CNT cathode surface to shape the CNT cathode array. The second separating grid is responsible for controlled extraction of electrons from the CNT emitters. The cathode surface electric field distribution has been improved drastically compared to conventional planar devices. Furthermore, a high-compression-ratio, dual-gridded, CNT-based electron gun has been designed to further increase the current density, and a 21 kV/50 mA electron beam has been obtained with beam transparency of nearly 100%, along with a compression ratio of 39. A 0.22 THz disk-loaded waveguide backward wave oscillator (BWO) based on this electron gun architecture has been realized theoretically with output power of 32 W. The results indicate that higher output power and higher frequency terahertz BWOs can be made using advanced, nanomaterial-based cold cathodes.
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1. Introduction


Terahertz radiation sources have gleaned much attention due to the wide range of potential applications of such devices, such as high data rate communications; the identification of concealed weaponry; remote, high-resolution imaging; and biomedical diagnostics [1,2,3,4,5]. Several existing technologies to generate terahertz waves are currently available, including quantum cascade lasers, solid state electron devices, and optical devices [6,7,8,9]. Unfortunately, they have many intrinsic restrictions such as poor anti-interference performance, deleterious responsiveness to incident radiation, and the need for cryogenic cooling, which is often coupled to challengingly low output power.



Vacuum electronic devices (VEDs) have been applied widely to realize terahertz radiation sources due to their high output power and high operation frequency [10,11]. VEDs include gyrotrons, extended-interaction klystrons (EIKs), traveling wave tubes (TWTs), and backward wave oscillators (BWOs) [12,13,14,15]. In particular, the BWO is an effective solution that is capable of producing relatively high power and stable monochromatic terahertz signals. BWOs can be electronically tuned over a wide frequency range around an arbitrary operating frequency and afford high frequency stability, along with compact designs at relatively inexpensive costs. To date, commercially available modern BWOs employ thermionic cathode electron guns that suffer from the need for large working volumes, high temperature operation, and slow temporal response. Field emission cold cathodes are a leading candidate for the replacement of incumbent thermionic electron sources in terahertz BWOs. Cold cathodes offer low operating temperature, instantaneous response time, facile and inexpensive integration, and the potential for miniaturization. 0.22 THz is an important terahertz frequency of atmospheric window, which is of great value in application. Here, a 0.22 THz BWO based on a cold cathode has been designed. Central to this is the development of field emission cold cathode materials suitable for terahertz BWOs.



Carbon nanotubes (CNT)-based field electron emitters have a high emission current density, as well as impressive chemical and temporal stability [16,17,18,19,20], and are well suited to the miniaturization of terahertz VEDs. Nevertheless, there are still various challenges plaguing CNT cold cathode VEDs. Principally, the emission current density of CNT in a large area is very small. Therefore, it is vital to choose a suitable electron gun architecture that has the ability to simultaneously generate a high beam emission current and high emission current density. Several existing types of CNT-based field emission structures have been developed during the last two decades, including Spindt-type, magnetic injection type and separating gridded type [21,22,23,24]. Spindt-type CNT field emission structures have many difficulties and insurmountable processing challenges, such as regular short circuits between the cathode and grid, high grid losses, and poor emission spatial uniformity. A truncated-cone CNT cold cathode electron gun, based on magnetic injection, has proven a need for superconducting magnetic fields in order to confine or control the electron beam [21,22]. Conversely, the separating grid-type CNT field emission structure can be easily achieved in experiments and can operate at lower magnetic field at the gauss level. Such an operation would make the separating gridded structure widely appealing to a variety of small-scale vacuum microelectronic devices. However, it has been reported that a conventional, single-separating, gridded electron gun with the planar annular CNT cold cathode suffers from low emission current, high gate losses, and grid deformation [23], the latter of which stems from the small effective emission area, electrostatic shielding effect, and drop in electric field beneath the grid center.



In this paper, an emerging topology has been introduced by modifying the conventional single separating gridded field emission structure into a dual-gridded field emission structure. This architecture could be effectively used to solve the problem of the reduction of the electric field beneath the center of grid, thereby achieving a relatively uniform electric field distribution on the cathode surface. Therefore, any electrostatic shielding and edge effects would be greatly reduced. Such advantages make the dual-gridded CNT-based electron gun simultaneously produce a high beam emission current and have high emission current density. Furthermore, the two separating grids are coaxial with each other, which dramatically reduces grid interception and losses, thereby ensuring high beam transparency.




2. Design and Simulation


2.1. Dual-Gridded Field Emission Structure Based on CNT Cold Cathode


In previous work on conventional gridded triode with planar CNT cold cathodes, non-uniform electric field distributions often appear on the cathode surface [25]. Such devices exhibit large emission current densities immediately beneath the grid, owing to the higher local electric field, with a reduced emission current in the center of grid holes due to the lower effective electric field. This, as a result, allows for greater current interception, and hence losses. Experimental results have shown that low beam transparency may lead to small emission current, high grid losses, arcing, and unwanted grid deformation [23,25]. In response, here we report on the spatial topology of a dual-gridded CNT field emission system. The dual-gridded system is composed of a cathode substrate, a CNT electron emitter, a first separating grid (FSG), a second separating grid (SSG), and an insulator, as depicted in Figure 1. The CNTs are synthesized directly on the cathode substrate surface. The FSG is attached to the cathode surface to mold the cathode array. The SSG is coaxial with the FSG and controls electron extraction from the CNT electron emitters. The two separating grids are connected with each other coaxially through the insulator. The grid mesh holes are square. The design parameters of the specific dual-gridded system are listed in Table 1. The blue line on the surface of the square array (inset Figure 2a) denotes the probed surface under study. The mesh-hole h1 of the FSG is a dominant factor influencing the electric field distribution at the cathode surface in the present optimization. For brevity’s sake, we consider six practically viable h1 values (0.10, 0.11, 0.12, 0.13, 0.14, and 0.15 mm) in the present geometry. Figure 2 shows the electric field distribution along the blue line as function of h1. Correspondingly, the SSG mesh-hole h2 values are 0.11, 0.12, 0.13, 0.14, 0.15, and 0.16 mm, ensuring that the SSG is coaxial with the FSG (h1 + w1 = h2 + w2). It is evident that in this field emission structure the electric field distribution at the effective emission cathode surface is relatively smooth without significant edge effects. The difference in electric field intensity between the maximum and the minimum is less than 0.5 kV/mm, which is <11% variation in the electric field from the center field intensity. The simulation results also illustrate that the surface electric field intensity increases as h1 decreases. However, the smaller h1 causes a rise in the electric field at the center of the square cathode surface, as well as reducing the emission cathode area. The larger unit square cathode area causes a drop in the electric field at the center of the square cathode surface. The rise or drop in electric field at the center of the square cathode surface is, nevertheless, a disadvantage to the production of a uniform emission current. Therefore, an optimal h1 is significant to the current design. Our studies suggest an optimal h1 of 0.12 mm, which is used herein to ensure that the electric field distribution on the emission cathode surface remains relatively uniform (<2.3% variation).




2.2. High-Compression-Ratio CNT Electron Gun Based on Dual-Gridded System


There remain many challenges in the realization of terahertz BWOs based on CNT cold cathodes. Here, a high-compression-ratio CNT electron gun based on the mentioned dual-gridded system above is designed and investigated to overcome many of these limitations. The dual-gridded CNT cold cathode electron gun has been simulated herein using commercially available 3D simulation software (CST). The basic field emission process from such semi-metals is well described by the generalized Fowler-Nordheim equation, in the following form:


J=AE2exp(−B/E).



(1)







Here, A and B are the approximate Fowler-Nordheim constants, which are estimated by numerical fitting based on the previous experimental results [26]. Applying our fitting procedure (R2 = 0.9897), we find A = 5 × 10−8 A/V2 and B = 1.62 × 107 V/m. In our previous experimental study [26], we have investigated field emission (FE) of a vertically aligned, well-ordered carbon nanotube (CNT) mesh (VACM) by growing the CNTs in a network with hexagonal holes as shown in the inset (a) of Figure 3. The synthesized carbon nanotubes are uniform, dense, well aligned, and perpendicular to the substrate as shown in the inset (b) of Figure 3. The FE properties of the emitters were determined using a simple diode configuration in a vacuum chamber at a pressure of 1 × 10−6 Pa. Emission area of 16 mm2 was used. A maximum operating emission current density of 1.5 A/cm2 was obtained at a field of less than 4.5 kV/mm. In this paper, we adopt the VACM as cathode emitters on the smaller substrate surface of 3.91 mm2 at a higher vacuum degree of 1 × 10−7 Pa. Figure 3 shows typical experimental data and the resulting fitted emission characteristics. It indicates that the dual-gridded electron gun exhibits a maximum emission current of 50 mA at the grid voltage of 0.5 kV (the electric field on the per cathode unit surface is 4.17 kV/mm); the corresponding emission current density J is 1.5 A/cm2 when the effective emission area Se is 3.33 mm2.



As shown in Figure 4a, the CNT electron gun comprises a dual-gridded system, a focusing electrode, and an anode. The dimensions of dual-gridded system are listed in Table 1. The focusing electrode is connected to the SSG, and the distance between the cathode and anode is 8 mm. In order to obtain a high-compression-ratio electron beam, a suitable axial magnetic field is required. Figure 4a shows the simulated beam trajectories under a field of 0.95 T operating at 21 kV/50 mA. A beam transparency of 100% is obtained, as shown in Figure 4b. Figure 4 e shows the profile of the magnetic field intensity along the central axis. In the cathode region the magnetic field is approximately 0.01 T. At the beam output port, the magnetic field is 0.95 T. Figure 4c,d shows the beam spot cross-section at the cathode surface and anode output port plane of the electron gun. The electron beam cross-section is compressed from the cold cathode emission area of 1.25π mm2 into a beam spot approximately 0.032π mm2 (beam spot radius = 0.18 mm). At the gun exit port, the electron beam cross-sectional area is compressed approximately 39 times, with the beam current density correspondingly enhanced by a comparable amount.



Compared with existing CNT-based cathode electron guns, this kind of dual-gridded electron gun has several advantages. Firstly, the fabrication process of the CNT cathode array is simple and easy to implement. The CNTs film uniformly cover the whole plane substrate surface with high areal density. Then, the dual-gridded system is placed onto the cathode, thereby enabling the FSG to be attached to the cathode surface, and the mesh-holes of the FSG are employed to shape the CNT cathode array. Secondly, an electron beam transparency of 100% can be achieved theoretically, due to the coaxial components of the dual-gridded field emission system. Our findings suggest that the dual-gridded electron gun can successfully avoid grid interception and arcing, and hence offers extended operation life times. As shown in Figure 4a, the electron beam is firstly compressed by the focusing electrode electric field and then is accelerated by the anode prior to entering the beam tunnel. Here, the electron beam undergoes a second compression along the radial direction with the magnetic field gradually increasing with length along the tunnel. The electron beam then passes through the beam tunnel and moves into an interaction cavity.




2.3. A 0.22 THz BWO Based on Dual-Gridded CNT Cold Cathode Electron Gun


Backward wave oscillator (BWO) is one of the most established VED sources of THz radiation. A BWO is a VED that is used to generate microwaves up to the THz frequency range. By adjusting the beam voltage, it tunes fully and rapidly over a very wide band of frequencies [1]. The basic idea of the BWO is to use the electron beam interacting along their path with a periodic slow wave structure (the first space harmonic). When the electron beam passes the periodic structure, it initiates a wave propagating in backward direction. If the total phase delay in the loops is θn = n·2π, a backward wave oscillation can start [27]. When the phase velocity of the normal mode of the SWS equals that of the drifting electrons, each electron feels an accelerating or decelerating force, depending on the local phased of the wave. As a consequence, the beam bunches, but there is no net exchange of energy, because equal numbers of electrons speed up and slow down. If the electrons are initially somewhat faster than the wave, however, more electrons are decelerated than accelerated, and a resonant transfer of energy to the wave occurs in addition to the bunching. In BWO of this type, the exchange of energy causes the wave to grow in amplitude, and the bunching enforces the coherence of the radiation [28].



Figure 5 shows the scheme of the inner structure of the proposed CNT terahertz BWO device. The BWO consists of a dual-gridded CNT cold cathode electron gun, a beam-wave interaction slow wave structure (SWS), a collector, an output circular waveguide, an output window, and magnetic circuit. The beam-wave interaction SWS is a disk-loaded waveguide. The operating parameters of the BWO are listed in Table 2.



Firstly, electrons are emitted from the CNT cold cathode under the action of the applied field between the second separating grid and cold cathode. Electrons will be compressed and as a result form an electron beam under the electric and magnetic fields, while they are accelerated by the anode into the beam tunnel. Here, the magnetic field will gradually increase and electric field will not change, resulting in magnetic adiabatic compression of the beam. After the electron beam is compressed in the beam tunnel, it enters the beam-wave interaction SWS, where it initiates and interacts with the TM01 mode thusly generating electromagnetic radiation.



The disk-loaded waveguide structure, as a promising SWS, has attracted wide attention for terahertz VEDs, since it is geometrically suitable to be realized by modern microfabrication processes. The CST eigenmode simulation in Microwave Studio was applied to study the high-frequency characteristics of the disk-loaded waveguide BWO by setting the electric field and periodic boundary to the transverse and longitudinal direction, respectively. Here, the TM01 mode has been selected as an operating mode, as the cylindrical axial electric field Ez of the TM01 mode is concentrated in the center of the SWS, as shown in Figure 6a,b.



The dispersion curve of the TM01 mode is plotted as a function of the normalized wavenumber, as shown in Figure 6c. The 21 kV beam line (dashed red line) is superimposed onto the dispersion curve, intercepting the dispersion curve at an operating frequency of 220 GHz. At the operating frequency, the velocity of the electron beam is synchronous with the phase velocity of the backward wave, which is approximately equal to the slope of the beam line.



A completely symmetric, disk-loaded waveguide SWS structure is modeled to study the reflection and transmission characteristics of the terahertz VED. 20 periods are considered. The S-parameters are calculated by the transient solver in the CST Microwave Studio. Figure 6d shows the magnitudes of the calculated S-parameters. There are 19 resonant frequencies—corresponding to the 0-mode, π/18-mode, 2π/18-mode, 3π/18-mode, 4π/18-mode, 5π/18-mode, 6π/18-mode, 7π/18-mode, 8π/18-mode, 9π/18-mode, 10π/18-mode, 11π/18-mode, 12π/18-mode, 13π/18-mode, 14π/18-mode, 15π/18-mode, 16π/18-mode, 17π/18-mode, and π-mode—observed in both S11 and S12. As per frequency relation formula [29]:


f=∑amcos(mβL),



(2)




these frequencies correspond to a phase shift “βL” of 0, π/18, 2π/18, 3π/18, 4π/18e, 5π/18, 6π/18, 7π/18, 8π/18, 9π/18, 10π/18, 11π/18, 12π/18, 13π/18, 14π/18, 15π/18, 16π/18, 17π/18, and π, respectively. The frequency passband of the disk-loaded waveguide BWO is largely discrete. As can be seen, S11 remains at about −38 dB around the operating frequency whilst S21 remains at approximately 0 dB, suggesting that the disk-loaded waveguide SWS is indeed well-suited for terahertz BWO applications.



The nonlinear interaction between the electron beam and electromagnetic wave in the disk-loaded waveguide BWO is simulated. Some typical parameters, including output power and operating frequency, are obtained. To make the BWO more practical, a simple matched output circular waveguide is designed, as shown in Figure 5. Unlike the traveling-wave tube (TWT), the BWO does not require an input signal. The output signal is produced by the electron beam during transit.



In this structure, the electron beam has a radius of 0.2 mm and an emission current of 50 mA, with an electron beam radius of 0.18 mm having been obtained upon optimization. Typical particle-in-cell (PIC) results of the BWO are shown in Figure 7, with the operating beam voltage set to 21 kV. As is shown in Figure 7a, after stable oscillation, a 32 W, 220 GHz output wave is obtained. Figure 7b,c presents the output signal spectrum showing mode purity and electron beam bunching. As an ordinary type (O-type) VED, BWO employs a magnetically focused electron beam. With the beam-wave interaction between the electron beam and the specify frequency of electromagnetic wave, electron bunching occurs in the SWS, as shown in Figure 7c. The energy extracted from the slowing electrons is transferred to the electromagnetic wave.





3. Results and Discussion


It is demonstrated in this work that a cold cathode terahertz BWO can be realized using CNTs as cold cathode field electron emitters. In principle, there is no major difficulty in our cold cathode BWO design to further increase output radiation frequency to higher end of the terahertz range. In the dual-gridded CNT-based cold cathode electron gun, a circular electron beam with maximum beam current of 50 mA (beam current density of 58.5 A/cm2) and beam radius of 0.18 mm is achieved on the output port. Our findings indicate that this kind of electron gun is completely suitable to apply to higher output power and higher radiation frequency terahertz BWOs.



In addition, we aim to further optimize the dual-gridded CNT-based cold cathode electron gun design in order to improve performance, such as dramatically uniform, larger emission current and emission current density, and a greater compression ratio. Such high-performance electron sources will facilitate the development of ultra-high-output power terahertz radiation sources in the future.




4. Conclusions


A dual-gridded field emission architecture based on CNT cold cathode is investigated here to solve the non-uniform electric field distribution at the cathode surface, which is the major cause of cathode arcing. High-emission current density electron beams with a transparency of 100% have been achieved using the proposed unique topology. Furthermore, a CNT cold cathode electronic optical system based on a dual-gridded field emission structure has been designed with a high-compression ratio of 39. The high-quality electron beam current density, correspondingly, was increased by a substantial amount, satisfying the 0.22 THz BWO operational design. Finally, the 0.22 THz disk-loaded waveguide BWO with a 32 W output power at an operating voltage of 21 kV was obtained by exploiting the high-performance CNT-based electronic optical system.



Our studies also suggest that the size of the proposed dual-gridded architecture can be changed from the μm to the mm scale, and the emission current will be augmented accordingly. Our findings suggest that the spatial architecture, and therefore the emission current, can be tailored for the development of high-power millimetre-wave VEDs. In addition, the dual-gridded architecture can be modified asymmetrically to generate high-aspect-ratio, sheet-beam VEDs. The high-compression-ratio, dual-gridded CNT electron gun, as a new structure towards new VED paradigms, shows much potential not only in traditional backward wave oscillators but also in traveling wave tubes, extended-interaction klystrons, and extended-interaction oscillators. In the future, further experiments will be conducted to verify the present simulation results. This study provides a positive outlook towards the realization of CNT-based, cold cathode, terahertz, vacuum electronic radiation sources.
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Figure 1. Schematic of the dual-gridded field emission structure based on carbon nanotube (CNT) cold cathode. SSG: second separating grid; FSG: first separating grid. 
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Figure 2. Surface electric field intensity as a function of first separating grid mesh hole h1. (a) Electric field intensity at square cathode surface. Inset: Schematic drawing of dual-gridded system. (b) Expanded view of the central unit CNT cathode surface electric field intensity. 
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Figure 3. Fitting and experimental emission current density as a function of applied electric field. Insets from Ref. [26]: (a) top view scanning electron microscope (SEM) image of the as-grown honeycomb structure CNT mesh. (b) Cross sectional SEM image of the CNT array showing uniform, high density, and vertically aligned CNTs. 
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Figure 4. Beam trajectories within the dual-gridded, CNT-based electron gun. (a) Simulated beam trajectories. (b) Expanded view of the dual-gridded system; there is no electron interception. (c) CNT cold cathode emission area. (d) Electron beam spot size in the anode plane. (e) Magnetic field intensity profile along the tube central axis. 
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Figure 5. Cross-sectional illustration of dual-gridded CNT, cold-cathode, terahertz, disk-loaded waveguide backward wave oscillator (BWO). 
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Figure 6. Electric field distribution of the TM01 mode on the cross section at the center of (a) transverse-plane and (b) longitudinal-plane. (c) The TM01 mode dispersion curve as a function of the normalized wavenumber. (d) Transmission characteristic. 
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Figure 7. The presentation of the particle-in-cell (PIC) results after beam-wave interaction stable with operation voltage 21 kV: (a) signal power amplitude at output port, (b) output signal spectrum showing mode purity, and (c) electron bunch phenomenon. 
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Table 1. Dimensions of dual-gridded field emission structure based on CNT cold cathode.
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	Symbols
	Parameters
	Values and Units





	rc
	Cathode substrate radius
	1.116 mm



	h1
	Mesh hole of the FSG
	0.12 mm



	h2
	Mesh hole of the SSG
	0.13 mm



	w1
	Wire line of the FSG
	0.02 mm



	w2
	Wire line of the SSG
	0.01 mm



	t1
	Thickness of the FSG
	0.02 mm



	t2
	Thickness of the SSG
	0.02 mm



	d1
	Distance between CNT and SSG
	0.1 mm



	Uc
	Cathode voltage
	0



	U2
	SSG voltage
	0.5 kV
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Table 2. BWO operating paramenters.
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	Symbols
	Parameters
	Values and Units





	d
	Circular waveguide inner diameter
	1.054 mm



	t
	Disk inner diameter
	0.4 mm



	w
	Disk width
	0.076 mm



	p
	Period length
	0.3044 mm



	f
	Operating frquency
	0.22 THz



	U
	Operating voltage
	21 kV



	I
	Operating current
	50 mA
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