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Abstract 

 

A novel carbon nanotube cathode was designed and fabricated on cathode substrate-glass, which mitigated the 

topical problem of poor electron emission properties of screen-printed carbon nanotube cathodes. The fabrication 

for the stacking-layer structure of emitter-monolayer/ SiO2-mixing-layer/ bottom-bar-electrode was adopted, and 

the preparation process of repeated printing + simultaneous sintering was employed. With this production, a higher 

electron emission current increase and better electron emission characteristics were obtained. When the electric 

field was increased from 2.199 to 2.877V/m, the electron emission current was enhanced from the initial 299.7 to 

2125.6A (i.e., by more than seven times), gaining the electron emission increase of 1825.9A. The fabricated 

cathode exhibited a large electron emission current and a low turn-on electric field: the electric field required for 

achieving the electron emission current of 988.2A was only 2.623V/m. Moreover, it possessed stable electron 

emission and high emission current measuring repeatability. The uniform luminescent image with high brightness 

was realized, which proved that the proposed thick blending-stacking-layer carbon nanotube cathode had a 

balanced electron emission current. 
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1. Introduction 

 

carbon nanotubes (cnts) possess excellent electron emission capability due to their unique properties, such as 

preferable electrical conductivity, high chemical stability, and extremely high mechanical strength [1-3]. with the 

screen-printing method, the cnt film can be prepared to form a cold electron source of backlight units, in which the 

emitted electrons from the cnt cathode would accumulate and contribute to the cathode current [4-6]. the 

screen-printing method is quite lucrative for cathode preparation due to its low cost, large-area fabrication, and 

pattern cathode manufacturing [7-9]. however, screen-printed cnt cathodes’ electron emission properties are 

strongly deteriorated by the random distribution of cnts [10-12]. alternatively, cnt films prepared via chemical 

vapor deposition process have the advantages of good substrate contact, uniform cnts array, and excellent electron 

emission performance, but control of their large-area preparation conditions is quite problematic [13-15]. the cnt 

films prepared with electrophoretic deposition technique have high film-forming quality and operate at room 

temperature. still, the unreliable connection between the formed cnt film and the substrate restricts their mass 

production [16-18]. adhesive taping and mechanical rubbing are effective methods to obtain larger emission 

currents by removing the residual material covering the surface of screen-printed cnt film, but their application is 

accompanied by the secondary contamination and mechanical damage of thus treated cnt films [19-21]. given this, 

a new thick blending-stacking-layer (tbsl) cnt cathode was fabricated in this study, which adopted a stacking-layer 

fabrication of emitter-monolayer/ sio2-mixing-layer/ bottom-bar-electrode structure and the preparation process of 

repeated printing + simultaneous sintering. the fabricated tbsl cnt cathode exhibited improved electron emission 

characteristics, enhanced emission current stability, and measuring repeatability. its application produced a 

luminescent image with good uniformity and high brightness. 

 

2. Experimental 

 

2.1. Cathode structure and printing pastes 

 

A TBSL CNT cathode with an emitter-monolayer/ SiO2-mixing-layer/ bottom-bar-electrode stacking layer structure 
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was designed in this study. Its structural diagram is shown in Fig.1. Cathode substrate-glass, made of flat 

sodium-calcium glass, provided the supporting substrate for the TBSL CNT cathode. 

 
Fig.1. Structural diagram of the TBSL CNT cathode 

 

Two types of cathode printing pastes, namely the emitter-monolayer paste and SiO2-mixing-layer paste, were 

prepared in advance. For SiO2-mixing-layer paste, the multi-walled CNT/graphene aqueous slurry of purity 

exceeding 90wt% was mixed with SiO2 particles, terpineol, and a small amount of other organic solvents. The 

mixture was blended in a beaker at room temperature and then placed into an electromagnetic stirrer, where it was 

heated to the maximum temperature of 115C. This temperature was maintained constant during a stirring process 

until a smooth SiO2-mixing-layer paste was prepared. For emitter-monolayer paste, the multi-walled CNT, 

ethylcellulose, terpineol, and tiny amounts of other organic solvents were blended in another beaker to constitute 

the emitter-monolayer mixture. The heating and stirring processes, which were identical to the above-mentioned 

ones for the SiO2-mixing-layer paste, continued until a viscous and uniform emitter-monolayer paste was formed. 

 

2.2. Cathode fabrication 

 

In this experiment, firstly, the silver slurry was screen-printed onto cathode substrate-glass to form the 

bottom-bar-electrode. Secondly, the repeated-printing preparation course was performed: the SiO2-mixing-layer 

paste was screen-printed onto the bottom-bar-electrode, and a baking process was conducted in the automatic 

electric oven. The baked SiO2-mixing-layer paste was used to constitute the first sub-SiO2-mixing-layer. The 

SiO2-mixing-layer paste was printed over the latter. After the second baking process, the two 

sub-SiO2-mixing-layer layers were fabricated. Both baking process parameters were identical: the employed 

equipment was an automatic electric oven, the maximum baking temperatures was 192C, the baking time was 

approximately 25 min, and the baking environment was the atmosphere. Subsequently, in a sintering furnace, the 

simultaneous sintering process was conducted for both sub-SiO2-mixing-layers. The corresponding sintering 

process parameters included a maximum sintering temperature of 537C, the maintaining time at the maximum 

sintering temperature of 4.5min, nitrogen as a shielding gas, and the total sintering time of approximately 60 min. 

Thus, the SiO2-mixing-layer was fabricated on the bottom-bar-electrode. Then, the emitter-monolayer paste was 

screen-printed onto the sintered SiO2-mixing-layer. The corresponding baking and sintering processes were then 

carried out in the proper sequence, so the emitter-monolayer was fabricated. The partial process parameters were 

adjusted for the baking and sintering processes as follows: a baking temperature of 235C, a baking time of 20 min, 

a maximum sintering temperature of 516C, a maintaining time at the maximum sintering temperature of 6.5 min, 

and argon as a shielding gas. Next, a proper post-treatment process was applied to the sintered emitter-monolayer, 

finalizing the TBSL CNT cathode fabrication. For comparison, the conducting electrode CNT cathode was also 

fabricated, in which the emitter-monolayer was prepared directly onto the bottom-bar-electrode. 

 

3.Results and discussion 

 

3.1. Surface topography photos 

 

The surface morphology photos are presented in Fig.2(a-d). The employed equipment was a scanning electron 

microscope (SEM). The analyzed samples comprised two fabricated types of CNT cathode. In the analyzing course, 

the magnification multiples were adjusted. 

 

The surface morphology of the baked TBSL CNT cathode is shown in Fig.2(a). As shown in Fig.2, the 

emitter-monolayer surface still contained numerous organic slurry blocks, and the distribution of organic slurry 

blocks was also irregular. The analysis revealed the following issues. (1) The baking process involved low baking 

temperature. With the given baking temperature, the partial organic adhesive materials could be removed with the 
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baking process. Once the partial organic adhesive materials were disposed of, the organic slurry blocks also 

disappeared. However, all organic adhesive materials could not be eliminated only by the baking process. In the 

experimental process, the maximum baking temperature should be limited by the bearing capacity of practical 

baking equipment. If the baking temperature is too high, the test baking equipment might be damaged and even 

destroyed. For further processing, the sintering process is considered the best option. (2) The organic slurry blocks 

contained many hydrous ingredients, which might have two possible harmful effects. The first one is the critical 

reduction of the backlight sample’s inner vacuum degree. The second one is the short circuit between the different 

bar cathodes. Consequently, the organic slurry blocks should be removed as thoroughly as possible. Fig.2(b) shows 

the surface morphology of sintered TBSL CNT cathode, with a magnification of 30000. As can be seen, a flat, 

clean, and smooth emitter-monolayer film surface appeared. The performed analysis of the above morphology 

revealed the following patterns. (1) Due to organic slurry blocks, many CNTs would be reunited; thus, the 

emitter-monolayer film surface was rugged. In the sintering course, many organic slurry blocks were evaporated 

and disappeared. The original CNT film surface was also recovered, so a flat emitter-monolayer film surface 

certainly appeared. This resulted in a more uniform electric field distribution, so more CNT ends could be forced to 

emit electrons simultaneously, which is beneficial to enhance the luminescence brightness of the backlight sample. 

(2) As seen from Fig.2, there were no other impurities on the emitter-monolayer film surface, except for the 

random-distributed CNTs. A clear emitter-monolayer film surface ensured that cathode electrons could be emitted 

only by CNTs in the formed cathode current, so other impurities could not contribute to the emission of cathode 

electrons. For this reason, CNTs could endure a high sintering temperature (e.g., 516C) and would not be 

evaporated in the sintering course. On the other hands, due to the shielding gas (for example, argon) protection, 

CNTs would not be oxidized or transformed into other impurities. (3) CNTs in the emitter-monolayer were 

intertwined, and the whole distribution was uniform, so a smooth emitter-monolayer film surface was obtained. 

Due to the mutual constraints among different CNTs, their firmness in the TBSL CNT cathode would be greatly 

enhanced. Even under strong electric field action, the CNTs in emitter-monolayer films would not fall off easily. 

This allows one to avoid several unfavorable phenomena, such as the backlight sample destruction by the 

cathode-grid short circuit or the abnormal image of the TBSL CNT cathode due to the interference of different 

CNTs. 

 

The SEM photo of sintered conducting electrode CNT cathode is presented in Fig.2(c), with a magnification of 

30000. The comparative analysis of Fig.2(b) and Fig.2(c) revealed that, after the sintering process, the conducting 

electrode CNT cathode also possessed a cathode surface similar to that of the TBSL CNT cathode. The performed 

sequential baking and sintering processes effectively removed the organic slurry blocks. The organic slurry blocks 

would be directly evaporated in the sintering course because they could not bear such a high sintering temperature, 

yielding a clear emitter-monolayer film surface. Even if, in the sintering course, some organic slurry materials 

would be transformed into other impurities, they would be carried away by the flowing shielding gas. Thus, it 

ensured the formation of a pure emitter-monolayer film. The SEM photo of sintered TBSL CNT cathode is 

presented in Fig.2(d), with a magnification of 45000. Comparing Fig.2(b) with Fig.2(d), it can be observed that 

many CNT ends fully protruded through the emitter-monolayer film surface. The analysis shows that the usage of 

organic adhesive materials in viscous cathode printing pastes was not optimal for fabricating the patterned CNT 

cathode with the low-cost screen-printing method. On the contrary, once the patterned CNT cathode was prepared, 

the remaining organic adhesive materials would obstruct the normal electron emission of CNT ends. Therefore, 

these residual materials should be eliminated from the prepared CNT cathode. After the sintering process, the CNT 

ends should not be buried, covered, or reunited by the organic slurry blocks. As a result, the numerous protruding 

CNT ends could become potential electron sources in the TBSL CNT cathode. Due to the emitter-monolayer 

covering, the SiO2 particles and graphene in the SiO2-mixing-layer were invisible on the emitter-monolayer film 

surface. 

 



  CONVERTER MAGAZINE 

Volume 2021, No. 7 

ISSN: 0010-8189 

© CONVERTER 2021 

www.converter-magazine.info 

1050 

 

 
(a) Baked TBSL CNT cathode, (b) Sintered TBSL CNT cathode (30000 times) 

 
(c) Sintered conducting electrode CNT cathode (30000 times), (d) Sintered TBSL CNT cathode (45000 times) 

 

Fig.2. Surface topography photos for both types of CNT cathode 

 

3.2. Emission characteristic curves 

 

Electron emission characteristics are crucial for assessing the functional application performance of screen-printed 

CNT cathodes [22-24]. In this experiment, the electron emission characteristics were measured for the two types of 

CNT cathodes. The measuring conditions were as follows: the integrated vacuum testing system was employed as 

the testing platform; two independent direct current (DC) sources were used to apply bias voltages; the ammeter 

was utilized for current measuring; the system vacuum degree had the order of 10-4Pa. Both types of CNT cathode 

were assembled into the vacuum chamber of the integrated vacuum testing system. Thus, under identical 

measuring conditions, the characteristic emission curves for the two types of CNT cathodes were plotted, as shown 

in Fig.3. 
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Fig.3. Emission characteristic curves for (a) TBSL CNT cathode and (b) conducting electrode CNT cathode 

 

As shown in Fig.3., both types of CNT cathodes could supply cathode electrons. However, the TBSL CNT cathode 

had a higher electron emission current increase and better electron emission characteristics. For example, when the 

electric field was increased from 2.199 to 2.877V/m, the electron emission current of conducting electrode CNT 

cathode was enhanced from the initial 164.3 to 1083.7A, yielding the electron emission increase of 919.4A. 

Meanwhile, the TBSL CNT cathode enhanced the electron emission current the initial 299.7 to 2125.6A, gaining 

the electron emission increase of 1825.9A and exceeding that of the former cathode by 906.5A. The 

manufacturing process involved the repeated-printing + simultaneous sintering preparing method in the TBSL CNT 

cathode fabrication course, as follows. The first baked SiO2-mixing-layer paste was used to fabricate the first 

sub-SiO2-mixing-layer. Then, the SiO2-mixing-layer paste was printed and baked onto one sub-SiO2-mixing-layer 

to constitute the second sub-SiO2-mixing-layer. Both sub-SiO2-mixing-layers were simultaneously sintered in a 

sintering furnace, forming the SiO2-mixing-layer with a large thickness. For the TBSL CNT cathode, the 

SiO2-mixing-layer was sandwiched between the emitter-monolayer and the bottom-bar-electrode, while the 

SiO2-mixing-layer contained a large amount of graphene. Because the CNT and graphene had similar functionality, 

they easily form a good ohmic contact. Moreover, the graphene’s conducting capability was improved, and the 

carrier mobility in graphene was enhanced. As a result, the stacking-layer structure with emitter-monolayer/ 

SiO2-mixing-layer/ bottom-bar-electrode possessed superior electrical conductivity. Using the SiO2-mixing-layer as 

an intermediate transition layer, the impedance between the bottom-bar-electrode and emitter-monolayer could be 

further reduced, and the electron mobility would be improved effectively. As seen from the measuring curves, 

cathode currents could be produced by both types of CNT cathodes. Thus, cathode electrons could be properly 

transmitted by the bottom-bar-electrode in the conducting electrode CNT cathode and the stacking-layer structure 

of emitter-monolayer/ SiO2-mixing-layer/ bottom-bar-electrode in the TBSL CNT cathode. However, the electric 

potential transferability of the latter was better, so a stronger electric field could be quickly formed on the 

emitter-monolayer film surface. This field would force CNT ends in the emitter-monolayer of the TBSL CNT 

cathode to emit electrons, which would accumulate and contribute to the cathode current of the backlight sample. 

Therefore, as shown in the curve variation trend in Fig.3, with a continuous enhancement of the applied electric 

field, the number of cathode electrons provided by the CNT ends of the emitter-monolayer in TBSL CNT cathode 

would also increase significantly. Accordingly, its electron emission current increase and electron emission 

characteristics outperformed those of the conducting electrode CNT cathode. This is also confirmed by photos in 

Fig.2(b) and Fig.2(c). Both cathodes had pure and single emitter-monolayer film surfaces, and cathode electrons 

forming the cathode current were also derived from the as-prepared CNT ends on the emitter-monolayer. However, 

in the measuring course of electron emission characteristics, the achieved electron emission performance of the 

TBSL CNT cathode was superior. This proved that the stacking-layer structure of emitter-monolayer/ 

SiO2-mixing-layer/ bottom-bar-electrode in TBSL CNT cathode played an important role. 

 

While both types of CNT cathodes could form cathode currents, the TBSL one possessed a larger electron emission 

current and a lower turn-on electric field. For example, at the applied electric field of 2.508V/m, the electron 

emission current of conducting electrode CNT cathode was only 327.3A, while that of TBSL exceeded it by 

349.6A, reaching 676.9A. To achieve the same electron emission current (e.g., 988.2A), the required electric 

field for the TBSL CNT cathode was 2.623V/m, while that conducting electrode one was 2.846V/m, i.e., higher 

by 0.223V/m. The turn-on electric fields of conducting electrode and TBSL CNT cathodes were 2.077 and 

1.926V/m, respectively, differing by 0.151V/m. The analysis shows that the SiO2-mixing-layer of TBSL CNT 
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cathode contained SiO2 particles, which appeared in the repeated-printing preparation course. In the “simultaneous 

sintering” process, these particles were randomly dispersed and occupied the idle space of adjacent CNTs. CNTs in 

the emitter-monolayer film were very easy to intertwine due to their small size, high aspect ratio, and large surface 

area. Due to the high thermal conductivity and abrasive resistance of the SiO2 particles, they could rapidly diffuse a 

large amount of heat released in the local area due to the strong local electric field action. Thus, the CNTs could be 

effectively protected. Due to the high insulation performance and corrosion resistance of the SiO2 particles, the 

vacuum area (that is, the idle space) between adjacent CNTs would be occupied by the supplementary SiO2 

particles, isolating the adjacent CNTs. As a result, in the emitter-monolayer, the preparation density of CNTs would 

be effectively reduced, and the shielding effect of the electric field would also be favorably reduced. The above 

factors decreased the TBSL CNT cathode’s turn-on electric field and increased its electron emission current. 

Moreover, the SiO2-mixing layer also contained graphene with good electric conduction capability, so SiO2 

particles would not obstruct the high-speed transmission of cathode electrons from the bottom-bar-electrode in the 

SiO2-mixing-layer to the emitter-monolayer. Besides, the discrete electron emission caused by the SiO2 particles in 

the SiO2-mixing-layer of the TBSL CNT cathode was completely suppressed by the emitter-monolayer’s covering. 

This is also in concert with photos of Fig.2(b) and Fig.2(d): the obtained characteristic curves do not conform with 

those of pure SiO2 particles, SiO2+CNTs mixtures, or SiO2+graphene+CNTs mixtures. The emitter-monolayer of 

the TBSL CNT had a clean surface, so the effective electron emission area was greatly increased, which was 

beneficial for the electron emission current enhancement. 

 

3.3. Experimental curves of emission current stability and measuring repeatability 

 

The emission current stability and measuring repeatability of screen-printed CNT cathode are crucial for practical 

applications [25-27]. These characteristics of the TBSL CNT cathode are experimentally determined in this study. 

The test conditions were as follows. The integrated vacuum testing system was employed. The TBSL CNT cathode 

was installed in the vacuum chamber of the integrated vacuum testing system, with a vacuum degree of the order 

of 10
-4

Pa. Two tests on the emission current stability and emission current measuring repeatability were carried out, 

with an interval of 3h between them. The duration time of each test was 35 min; the interval time of current 

monitoring was 1 min; the electric test field was fixed at 2.696V/m. The test conditions for the emission current 

stability and emission current measuring repeatability were identical. The obtained experimental curves are plotted 

in Fig.4. 

 
Fig.4. Experimental curves of emission current stability and emission current measuring repeatability for the TBSL 

CNT cathode: (a) first test, and (b) second test 

 

As seen in Fig.4, the TBSL CNT cathode’s electron emission was stable in the whole testing course. No current 

variations with “big and small jumps” or current attenuations with “a steady emission, following by linear 

reduction” trends were observed. This indicated that the TBSL CNT cathode possessed good emission current 

stability. The maximum emission current fluctuation rates of the TBSL CNT cathode did not exceed 4.3 and 3.9% 

in the first and second tests, respectively, with a negligible difference of 0.4%. This also indicates a good emission 

current measuring repeatability of the TBSL CNT cathode. In the latter’s fabrication, the SiO2-mixing-layer was 

sandwiched between the emitter-monolayer and the bottom-bar-electrode. On the one hand, even if the sintered 

bottom-bar-electrode surface was quite rough, it would be covered by the SiO2-mixing-layer and do not affect the 

emitter-monolayer’s preparation quality. On the other hand, the fabricated SiO2-mixing-layer was instrumental; in 

achieving a flat, clean, and smooth emitter-monolayer surface with an increased number of CNT ends. This 
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enhanced the electron emission current of the TBSL CNT cathode: more electrons could be simultaneously emitted 

from numerous CNT ends on the emitter-monolayer surface, which improved the voltage regulation capability of 

the TBSL CNT cathode. Moreover, in the latter’s fabrication, the layer thickness of the SiO2-mixing-layer was 

effectively increased by the repeated-printing preparation process. With the simultaneous sintering process, the 

preparation process of screen-printed CNT cathodes was simplified, and the negative effect on emitter-monolayer 

was also effectively mitigated. 

 

3.4. Emission images 

 

If the prepared CNT cathode could provide a long-term and stable cathode current for the backlight sample, its 

practical application value would be proved. The anode substrate-glass was fabricated with the cut flat 

sodium-calcium glass; the anode substrate-glass and cathode substrate-glass were combined to make a vacuum 

room for sealing the TBSL CNT cathode. Thus, a backlight sample with the TBSL CNT cathode was fabricated, 

which photo is presented in Fig.5(a). The backlight sample was rectangular; its electrodes were encapsulated in the 

vacuum room and connected to the output terminal with the corresponding lead wire. The normal luminescence of 

the backlight sample could be achieved after proper bias voltage was applied. The luminescent image of the TBSL 

CNT cathode is illustrated in Fig.5(b). It proves that the TBSL CNT cathode fabrication was reliable and feasible 

for producing a luminescent image. For the backlight sample, the cathode electrons would be accelerated in the 

vacuum room by the bias voltage. After high-speed cathode electrons bombarded the luminescent layer prepared 

over the anode substrate-glass, the luminescent image was formed. The illumination of the image pixel in the 

luminescent image proved that the TBSL CNT cathode could provide a sufficient number of cathode electrons for a 

practical backlight sample. As seen from the luminescent image, the image pixel in the luminescent image could be 

illuminated, and the luminous brightness was visible in daylight. This implies that the electron emission current 

supplied by the TBSL CNT cathode was relatively large, satisfying the needs of running a backlight sample. In the 

luminescent image, each image pixel’s brightness was uniform and nearly the same, which proved the TBSL CNT 

cathode produced a stable and well-balanced electron emission current. 

 
(a) The fabricated backlight sample with the TBSL CNT cathode   (b) Luminescent image of TBSL CNT cathode 

 

Fig.5. Real photos of full-sealed backlight sample 

 

4. Conclusions 

 

The fabrication feasibility studies on the TBSL CNT cathode were performed. A series of low-cost preparation 

techniques were employed to develop the TBSL CNT cathode. The SiO2-mixing-layer was fabricated between the 

emitter-monolayer and bottom-bar-electrode. For the manufacturing process, the repeated-printing + simultaneous 

sintering method was adopted. The fabricated cathode applied to the backlight sample produced a bright 

luminescent image, which proved its feasibility and reliability in backlight unit applications. (1) The SEM analysis 

shows that the prepared TBSL CNT cathode possessed a flat, clean and smooth emitter-monolayer film surface 

with numerous protruding CNT ends, acting as potential electron sources. (2) Testing of electron emission 

characteristics of the developed TBSL and reference conducting electrode CNT cathodes proved the former’s 

superiority in terms of a larger electron emission current and a lower turn-on electric field. (3) The emission 

current stability and emission current measuring repeatability test proved that the TBSL CNT cathode’s electron 

emission was stable and had satisfactory measuring repeatability. 
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