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Abstract

:

Field emitters can be used as a cathode electrode in a cathodoluminescence device, and single-walled carbon nanotubes (SWCNTs) that are synthesized by arc discharge are expected to exhibit good field emission (FE) properties. However, a cathodoluminescence device that uses field emitters radiates rays whose intensity considerably fluctuates at a low frequency, and the radiant fluctuation is caused by FE current fluctuation. To solve this problem, is very important to obtain a stable output for field emitters in a cathodoluminescence device. The authors consider that the electron-emission fluctuation is caused by Fowler–Nordheim electron tunneling and that the electrons in the Fowler–Nordheim regime pass through an inelastic potential barrier. We attempted to develop a theoretical model to analyze the power spectrum of the FE current fluctuation using metallic SWCNTs as field emitters, owing to their electrical conductivity by determining their FE properties. Field emitters that use metallic SWCNTs with high crystallinity were successfully developed to achieve a fluctuating FE current from field emitters at a low frequency by employing inelastic electron tunneling. This paper is the first report of the successful development of an inelastic-electron-tunneling model with a Wentzel–Kramers–Brillouin approximation for metallic SWCNTs based on the evaluation of FE properties.
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1. Introduction


Field emitters can be used as cathodoluminescence (CL) devices, which radiate rays with a wide range of frequencies from X-ray to far infrared rays. However, they have a serious problem in that the field emission (FE) current depends on the degree of vacuum, owing to the adhesion of contaminants such as residual gas or water on the field emitter surface [1,2]. The emitter surface needs to be clean because the FE and carbon nanotubes (CNTs) are expected to enable field emitters to realize stable emission. However, the emission current from field emitters, including CNTs, has been reported to fluctuate even in a high-vacuum atmosphere [3,4]. A CL device that uses a field emitter as a cathode electrode radiates rays that considerably fluctuate or flicker. The fluctuation or flicker from a CL device mainly has low frequencies of under 200 Hz [5,6,7,8,9,10]. On the basis of the above problems, a cathode structure that can reduce the fluctuation of emission has been studied [9,10]. However, a technique to reduce the fluctuation is not yet well established. In the case of FE, the electrons that are emitted from field emitters probabilistically and quantum-mechanically pass through a quantum barrier with a thickness of nm order before they are emitted in vacuum. This distance is estimated from the thickness of the electron-tunneling barrier when electrons cause Fowler–Nordheim tunneling [11,12]. In the case of Fowler–Nordheim tunneling, electrons have been considered to inelastically pass through a barrier, and the electrons that are emitted from an FE cathode exhibit energy fluctuation.



Therefore, we have carried out basic research to develop FE devices using single-walled CNTs (SWCNTs), and, for the first time, succeeded in employing SWCNT field emitters as the cathode of a planar lighting device with good emission stability at a high current density of over 10 mA/cm2 [13,14]. Since CNTs were first reported by Iijima [15], it has been shown that they exhibit one-dimensional confinement effects and can be used as coherent quantum wires [16,17,18]. Among the CNTs, the Young’s modulus of SWCNTs is particularly high [19]. SWCNTs have been used in a wide range of applications, including field emitters, probes in scanning microscopes [20], gas-storage materials [21], and electrode materials for secondary batteries [22], and have been studied in a wide range of applied research fields. In recent studies of applications using CNTs, the development of electrical stability as field emitters requires the fabrication of efficient CL devices, such as flat panel displays with high brightness efficiency and low power consumption [23].



We considered that an FE cathode comprising well-dispersed SWCNTs in a high-vacuum atmosphere is indispensable for decreasing the current fluctuation of field emitters and for improving the homogeneity of planar emission from a planar lighting device [13]. However, we consider that the FE fluctuation cannot be reduced to zero. In this study, to demonstrate the above consideration, the fluctuation effect on the properties of field emitters that use metallic SWCNTs with high purity and crystallinity was examined. We developed field emitters using these SWCNTs, and theoretically analyzed the fluctuation of their power spectrum in terms of their electrical conductivity by determining their electrical properties (FE properties).




2. Experimental


A wet coating process was adopted to fabricate a cathode with stable FE at a low driving voltage using metallic SWCNTs (NanoIntegris Technologies Inc., Boisbriand, QC, Canada). The homogeneous dispersion of the SWCNTs in a liquid medium is the key factor for obtaining a planer electron emission homogeneously as a field emitter. Highly crystalline metallic SWCNTs are expected to lower the threshold field and stably emit electrons at a low driving voltage. However, it is difficult to homogeneously disperse highly crystalline SWCNTs in liquids [24]. In general, a dispersant is used to facilitate the homogeneous dispersion of nanocarbon materials in liquids. However, highly crystalline SWCNTs cannot bind to the functional groups in a dispersant because there are very few defective binding sites in their carbon network that can be used for binding to the functional groups in the dispersant. We attempted to physically separate highly crystalline SWCNT aggregates into uniform single nanotubes in a low-viscosity solvent, containing In2O3-SnO2 [tin-doped indium oxide (ITO)] precursor solution. A non-ionic dispersant was added to the solvent to facilitate the dispersion of individual SWCNTs, and the mixture was agitated using a homogenizer.



To prepare the coating film, butyl acetate (99%) and ethyl cellulose (EC) (~49%, ethoxy 100 cP), which were obtained from Wako Pure Chemical Industries, Ltd., Osaka, Japan, and an ITO precursor solution (Kojundo Chemical Laboratory Co., Ltd., Sakado, Japan) were used. The initial mixture was prepared by mixing metallic SWCNTs, which were purified from solutions from NanoIntegris Technologies Inc., the ITO precursor solution, butyl acetate added as required to control the viscosity of the solution, and EC as a surfactant at a weight ratio of 1:8:600:10. Then, the mixture was agitated using the homogenizer for 30 min at room temperature. The agitated mixture was sprayed on a silicon substrate to form a film. The film was dried at approximately 420 K and sintered at 720 K in vacuum to remove any organic-solvent components. As a result, ITO films were obtained from each type SWCNT, which were used as cathode plates. In addition, to facilitate field emission, the sintered ITO film with dispersed SWCNTs was scratched to activate the film surface and obtain stable FE properties [25].



Figure 1 shows (a) a schematic diagram of SWCNTs that were protruding from a scratched groove, (b) a scanning electron microscopy (SEM, SU-8000, Hitachi High-Technologies Corporation, Tokyo, Japan) overview after activating the FE for the ITO film, including metallic SWCNTs, and (c) an enlarged view of the protruding SWCNTs in the circled region of (b). After the film that was coated with the mixture was sintered in vacuum, it was activated by scratching using a thin metal rod to obtain the FE properties at a low turn-on field. We observed that the bundles of SWCNTs protruded from both sides of the edge of the scratched ITO film. The exposed SWCNTs in the ITO film were homogeneously dispersed and were oriented in random directions. Furthermore, the SWCNTs that were used for an FE thin film were checked for high crystallization by transmission electron microscope (TEM) (HR-3000, Hitachi High-Tech. Co. Ltd., Tokyo, Japan) measurement in Figure 1d. Each SWCNT in a bundle of Figure 1d exhibits a clear TEM image of each tube wall identified as straight lines. The TEM image in Figure 1d explains that a SWCNT has highly crystalline carbon network. Namely, we can expect to develop field emitters employing these SWCNTs, and theoretically analyze the effect of the increased crystallinity of SWCNTs on their electrical conductivity by determining their electrical properties (FE properties).



A diode structure with a fixed gap (1.2 mm) between the ITO film (cathode) and a phosphor plate coated on ITO electrode (anode) was adopted for the FE measurement. Figure 2 shows a schematic of the system used for FE measurement.



The obtained sample was placed in a vacuum chamber system and maintained at a pressure of 10−6 Pa. Direct current (DC) voltage was applied across the cathode and anode to determine the FE properties after baking the sample to reduce the amount of gas contaminating the SWCNT surface. A power supply unit and a PC were connected to automatically store data.




3. Theory of FE Fluctuation


The field emission tunneling model was originally represented by the electron tunneling model, as expressed by the Spindt model based on the Fowler and Nordheim (F-N) model [26]. The model has the basis of the electron tunneling with ballistic electrons considered to pass through the energy barrier from SWCNTs, however it is valid only when the flow of electrons in the field emitter is prevented by an energy barrier. In the FE model used in this study, we assumed that electrons are emitted from SWCNTs to the outside, and we constructed an FE model by combining the model of inelastic tunneling electrons passing through SWCNTs into the F-N tunneling model of electrons emitted to the outside.



In the inelastic-electron-tunneling model, the states of the electrons before and after tunneling through an energy barrier are estimated by considering the energy transfer. According to Laks and Mills [27],     J ^   (   x →  , t  )     in the current–current correlation    ⟨  J ^     (   x →  , t  )   *   J ^   (   x →  , t  )  ⟩    can be expressed in the following form:


    I ^   ( t )  =  ∫  d  x  ∕ ∕    J ^   (   x →  , t  )    



(1)




    I ^   ( t )     is the quantum-mechanical tunneling-current operator and represents the current flow at time t. The normalization P of the wave function    ψ  (   x →  , t  )     is expressed as the probability density of the existence of electrons in a quantum barrier, as follows:


   P  (   x →  , t  )  =    |  ψ  (   x →  , t  )   |   2  =  ψ *   (   x →  , t  )  ψ  (   x →  , t  )    



(2)




when an electron exists in sphere Ω


     δ  δ t    (    ∫  Ω  P  (   x →  , t  )  d  x →   )  =   ∫  Ω   (   ψ *    δ ψ   δ t    )  d  x →     =  1  i ℏ     ∫  Ω   (   ψ *  H ψ − ψ H  ψ *   )  d  x →     =   i ℏ   2 m     ∫  A   (   ψ *  ∇ ψ − ψ ∇  ψ *   )  d  A →     



(3)




when    S  (   x →  , t  )  ≡  ℏ  2 i m    (   ψ *  ∇ ψ − ψ ∇  ψ *   )    ,


    ∂  ∂ t     ∫  Ω  P  (   x →  , t  )  d  x →  = −   ∫  Ω  ∇ S  (   x →  , t  )  d  x →  .   



(4)




when     ∂  ∂ t   P  (   x →  , t  )  +   ∇ S  (   x →  , t  )  = 0   ,


     J ^   (   x →  , t  )  = − e  S ^   (   x →  , t  )    =   i e ℏ   2 m    (   ψ *  ∇ ψ − ψ ∇  ψ *   )     



(5)




where e is the electric charge and     I ^   ( t )     is expressed as


    I ^   ( t )  =   ∑   𝓀 · 𝓆    [   T  𝓀 𝓆    C 𝓆  r +    ( t )   C 𝓀 l   ( t )  +  T  𝓀 𝓆  *   C 𝓀  l +    ( t )   C 𝓆 r   ( t )   ]  ,   



(6)




where Tkq is the tunneling matrix element between state k in the source electrode and state q in the vacuum through the tunneling barrier.     C 𝓆  r +    ( t )    and    C 𝓀 l   ( t )     are the creation and annihilation operators of the electron, respectively. Using the Wentzel–Kramers–Brillouin (WKB) method to calculate the electron wave functions, the tunneling matrix element can be expressed as [28,29,30]


    |   T  𝓀 𝓆    |  ∝    ℏ 2    2  m *    exp  (  −   ∫    z l     z r    d z  |   𝓀 𝓏   ( z )   |   )  exp  (  −   ∫    z l     z r    d z  |   𝓆 𝓏   ( z )   |   )    



(7)




where m* is the effective mass of an electron in the tunneling barrier, and     𝓀 𝓏     and     𝓆 𝓏     are the components of the electron wave vector in the barrier that is perpendicular to the CNT surface.


    𝓀 𝓏   ( z )  =     2  m *     ℏ     [  V  ( z )  − E +    ℏ 2    2  m *     𝓀 2   ]     1 2      



(8)






    𝓆 𝓏   ( z )  =     2  m *     ℏ     [  V  ( z )  − E +    ℏ 2    2  m *     𝓀 2  + ℏ ω  ]     1 2    .   



(9)




here,    V  ( z )     is the barrier potential and z is the coordinate of the axis perpendicular to the interfaces. The average of the current–current correlation in state i is expressed as:


   ⟨   I ^  *   ( t )   I ^   ( 0 )  ⟩ =  1 N    ∑  𝓲  ⟨ 𝓲  |    I ^  *   ( t )   I ^   ( 0 )   |  𝓲 ⟩ .   



(10)




      |  I  ( ω )   |   2     is the power spectrum of the fluctuation of the tunneling current for the FE mechanism.




      |  I  ( ω )   |   2  =   ∫   − ∞  ∞  ⟨   I ^  *   ( t )   I ^   ( 0 )  ⟩  e  − i ω t   d t   



(11)





By substituting Equations (6)–(9) into Equation (11), we finally obtain the following expression for the power spectrum of the FE current fluctuation:


      |  I  ( ω )   |   2  =    e 2  A m   2  π 2   ℏ 3      ∫  ​  d E × exp  (  −   ∫  ​  d z  |   𝓀 𝓏   ( z )   |   )  exp  (  −   ∫  ​  d z  |   𝓆 𝓏   ( z )   |   )  .   



(12)




where A is corresponding to the total area of the FE site, which electrons emit from the SWCNTs the cathode and m is the effective mass of an electron that moves parallel to the emission site in the source electrode, from which tunneling electrons are injected into the barrier.



Equation (12) should be transformed into a more suitable form for an FE cathode using metallic SWCNTs. FE model was carried out in the Fowler–Nordheim tunneling regime with the barrier potential    V  ( z )    , and a simplified form for the power spectrum is expressed as:


      |  I  ( ω )   |   2  ∝    e 3  A   4  π 2  ℏ  ϕ B    ·    | E |   2     (    ℏ ω   e  ϕ B    + 1  )    − 1   × exp  {  −   2   2 m     3 ℏ e  | E |     (     (  ℏ ω  )     3 2    +    (  e  ϕ B   )     3 2     )   }  .   



(13)




here,     ϕ B    , as shown in Figure 3 is the barrier height potential, which is the difference from the vacuum level to the energy level of the bottom of the Fermi level in the case of metallic SWCNTs, and   E   is the field applied to the SWCNTs, which is enhanced by the tip shape. The enhancement factor β of   E   is calculated by simulation using the surface-charge method with a three-dimensional model of SWCNTs protruding from the ITO film [31,32,33], where:


   E = β  E 0  .   



(14)




there,     E 0     is the actual electrical field supplied between the cathode and anode electrodes. Moreover, field emission site A on the SWCNTs of the cathode was estimated from the comparison between the simulated and measured bright spots [31].




4. Results and Discussion


Figure 4 shows the relationship between the current density and electric field of the SWCNTs that were obtained using the FE measurement system (Figure 2). The threshold field of the metallic SWCNTs was 4.1 V/µm at a line-current density of 0.1 mA/cm2, as shown in Figure 4. Moreover, the planar lighting at 2 mA/cm2 was shown in the inset of Figure 4.



Figure 5 shows the FE current density of metallic SWCNTs with different supplied DC voltages over 40 s (a) and the distribution of the power spectrum of the frequency based on information on the FE current fluctuation, as obtained by the Fourier transform method (b). The sample was biased using a DC power supply, and the current density from the DC power supply was measured to be 1.2 mA/cm2 at 5.2 V/µm (6 kV), 2.0 mA/cm2 at 5.5 V/µm (6.6 kV), 4.6 mA/cm2 at 5.9 V/µm (7.1 kV), and 10 mA/cm2 at 6.3 V/µm (7.6 kV). We observed a high stability of the FE current, owing to the desorption of gases on the SWCNTs that was caused by the annealing before the FE measurement. We would have observed some damped current distributions in the FE current if the annealing of the sample had been insufficient. However, Figure 5a shows no damping, and the SWCNT surfaces were considered to have been sufficiently cleaned before the FE measurement. The spectrum of each FE current, as shown in Figure 5a, is normalized by the peak at 0 Hz, and indicates that periodic current fluctuation is present in the FE. A peak exists at 50 Hz, as shown in Figure 5b, originating from the noise of the DC power supply, which corresponds to the frequency of the commercial power supply in the east of Japan. We observed that the stable DC current in the FE images obtained from the power spectrum, as shown in Figure 5a, has an alternating-current component, particularly at low frequencies of under approximately 100 Hz. Moreover, the spectrum distribution depends on the magnitude of the FE current, and the alternating-current component of each spectrum increases with the DC power.



We compared the above experimental results with the theoretical predictions described in Section 2. The parameters that determine the tunneling characteristics of the field emitters that used metallic SWCNTs (shown in Figure 4 and Figure 5) are listed in Table 1. The enhanced field E in Equation (13) was determined by simulation using the surface electrical method used in Ref. [30], with the SWCNT model. The emission site A at the SWCNT surface was estimated and calculated from the comparison between the simulated and measured bright spots [31]. φB was estimated from the work function of bulk carbon.



The power spectrum |I(ω)|2 obtained from Equation (13), which is based on the WKB approximation, and Table 1 show the dependence on the voltage applied between a cathode with SWCNTs and an anode electrode, as shown in Figure 6. Each spectrum distribution depends on the magnitude of the FE current, and the alternating-current component of each spectrum increases with the DC power. For the metallic SWCNTs, the experimentally obtained results are shown in Figure 5, and those that are obtained by simulation are shown in Figure 6, which are in good agreement. Distribution of the energy of electrons that pass through an energy barrier by WKB approximation expands when an applied voltage between a cathode and an anode electrode increases. Namely, this means that the high frequency components of FE current increase, and it is guessed that high frequency components of the power spectrum relatively increase by increasing in an applied voltage. On the basis of this agreement, the experimental results were modeled by the inelastic tunneling model based on the Fowler–Nordheim tunneling of electrons emitted from the ends of the SWCNTs using the current-fluctuation power spectrum given by Equation (13). The results that are shown in Figure 5 and Figure 6 indicate that an electron passing into a barrier in the Fowler–Nordheim regime constantly exhibit an electrical-charge fluctuation in the inelastic tunneling model, and the shape of the power spectrum depends on the quantity of electrical charge that is emitted from the field emitters.



FE using metallic SWCNTs was thus successfully modeled as a phenomenon based on inelastic electron tunneling using metallic SWCNTs, as shown in Figure 6. Although many researchers have reported that field emitters realize Fowler–Nordheim tunneling with elastic electrical conductivity, no demonstrative experiments have been presented to the best of our knowledge. The current paper presents the first successful development of an inelastic-electron-tunneling model with the WKB approximation for metallic SWCNTs based on the evaluation of FE properties. The FE current from field emitters, for example, SWCNTs, fluctuates, and the I–V characteristics of FEs were examined by considering the power spectrum at ω = 0 in Equation (13), which represents the magnitude of the current due to the electrons passing through a potential barrier from the SWCNTs, in accordance with Equation (13), constructed by the inelastic-electron-tunneling model.




5. Conclusions


We consider that field emitters can be used as an electron-emission source in CL devices. The field emitters that are used in CL devices, including lighting devices employing visible rays, X-rays, and ultraviolet radiation, suffer from the problem that the radiation from the CL device has a fluctuating output that depends on the electrical properties of the field emitters in time and space. In this study, we analyzed the fluctuation of the output when field emitters are used in a CL device, where we employed metallic SWCNTs as field emitters. The homogeneous dispersion of metallic SWCNTs with high crystallinity is one of the essential design requirements in the fabrication of the cathode in CL devices in order to obtain high output stability. However, it was difficult for the highly crystalline SWCNTs to control homogeneous dispersion into a mixture to make an FE cathode device. We have realized the homogeneous dispersion of metallic SWCNTs with high crystallinity for the first time by an agitation process with the ITO precursor solution, butyl acetate added, as is required to control the viscosity of the solution, and EC as a surfactant at a weight ratio of 1:8:600:10. It was difficult to disperse highly crystalline carbon nanotubes homogeneously, because no surfactant can combine to a surface of a nanotube with high crystallization. In this study, we succeeded to disperse the solution with the designed composition by controllable wet dispersion process. The metallic highly crystalline SWCNTs were employed as field emitters to analyze the fluctuation in the FE of conventional materials.



We succeeded in constructing a physical mechanism to examine FE fluctuation. Fluctuation of the FE current was observed using the metallic SWCNTs as field emitters, which was compared with the theoretical spectra calculated using a current-fluctuation theory that incorporates a realistic power spectrum of the current fluctuation in the Fowler–Nordheim tunneling regime. Good agreement was seen between the observed and the theoretically calculated spectra of the FE current obtained using the SWCNTs. We consider that inelastic electron tunneling causes the current fluctuation in the FE. The mechanism behind this can be explained by the superposition of the high frequency components of FE current in time and space. We also succeeded in developing a theoretical model of the flow of electrons (current) by considering the fluctuation of the tunnel current due to electrons passing through a potential barrier in the FE regime. The tunneling matrix based on the potential barrier that was obtained using the WKB approximation method is an important parameter for developing an inelastic-electron-tunneling model, and was used to obtain the power spectrum in this study. The FE model was obtained by combining the Fowler–Nordheim tunneling model with the power spectrum obtained using the tunneling matrix.



From the above results, the use of metallic SWCNTs with high crystallinity as field emitters was found to generate a fluctuating FE current, where the fluctuation originated from inelastic electron tunneling.



We have provided a brief explanation of the FE current fluctuation of metallic SWCNTs in terms of their electrical conductivity, and described the development of a conduction model for electrons that passed through a potential barrier. Highly crystalline SWCNTs are expected to be used as field emitters with stable FE.
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Figure 1. Tin-doped indium oxide (ITO) film images after field emission (FE) activation. (a) Schematic diagram of the scratched area and single-walled carbon nanotubes (SWCNTs) protruding from the ITO film; (b) Scanning electron microscope (SEM) overview after scratching the ITO film, including metallic SWCNTs to activate FE; and, (c) Enlarged SEM view of the metallic SWCNTs protruding from the ITO film; (d) Transmission electron microscope (TEM) overview of bundles of metallic highly crystalline SWCNTs that were used in the ITO film (b,c). 
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Figure 2. Schematic diagram of the FE measurement system with a diode structure. 
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Figure 3. Primitive model of the FE using an SWCNT emitter based on Fowler–Nordheim tunneling. 
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Figure 4. Current density–electric-field characteristics of metallic SWCNTs. The inset shows the planar lighting. 






Figure 4. Current density–electric-field characteristics of metallic SWCNTs. The inset shows the planar lighting.



[image: Applsci 07 01322 g004]







[image: Applsci 07 01322 g005a 550][image: Applsci 07 01322 g005b 550] 





Figure 5. Distributions of (a) FE current fluctuation and (b) spectrum of the FE current fluctuation obtained by the Fourier transform method. 
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Figure 6. Dependence of power spectrum by simulation on the applied voltage. E0 indicates the original field supplied between the cathode and anode electrodes. 
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Table 1. Parameters used in the theoretical calculations. A and β were obtained by simulation using the method in Ref. [29,30].
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	e (elementary charge)
	1.60 × 10−19 C



	A (FE site)
	6.48 × 10−24 m2



	φB (work function of bulk carbon)
	4.3 eV



	  ℏ   (   = h / 2 π   , h: Planck constant)
	6.58 × 10−16 eV·s



	β (enhancement factor)
	2.56 × 103



	m (free electron mass)
	9.11 × 10−31 kg
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