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1. Introduction 

 

1.1. Carbon Nanotubes 

Carbon nanotubes (CNTs) were accidentally discovered by Iijima 

Sumio in 1991 using a transmission electron microscope [1]. They are 

needle-like structures generated by graphite cathodes during arc 

discharge. They possess good electrical conductivity, thermal stability, 

and collimation, making them ideal for field emission cathode 

applications.  The general growth method involves depositing the 

catalyst metal on the substrate through sputtering or evaporation, 

followed by growth in a high-temperature furnace tube. However, this 

exposes the catalyst to air, causing oxidation and deactivation of the 

catalyst during growth. To address this issue, Kinoshita et al. [2] 

proposed a two-step process. In the floating catalyst chemical vapor 

deposition method, the ferrocene catalyst/ethanol mist is first deposited 

on the substrate after thermal oxidation using an ultrasonic atomizer. 

Then, a carbon source is introduced for growth. By keeping the catalyst 

all in the cavity, this method avoids oxidation and preserves catalyst 

activity. 

 

1.2. Heat Affect Zone in Laser Processing 

The heat affected zone is due to the accumulation of high energy 

density near the surface of the material, which increases the 

temperature of the material. When metal materials undergo thermal 

cycling and the temperature reaches their melting point, the material 

will sublime as the temperature keeps rising. As can be seen in Fig. 1, 

in the case of laser drilling, spatter, oxide, and recast layer formation, a 

heat-affected zone will occur during processing, and the heat-affected 

zone can be adjusted by adjusting the processing parameters or laser 

wavelength to achieve an increase in quality after processing. 

 

Fig. 1 Schematic illustration of physical damage that occurs during 

nanosecond/millisecond laser drilling [3] 

 

1.3. Field Emission Effect 

Under normal conditions, due to the absence of external energy, 

the electrons are hard to escape from the material body due to the 

potential barrier on the material surface. To make electrons leave the 
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material surface, it needs to apply energy to the material in three ways: 

photoelectron emission, thermionic emission, and field emission. 

Photoelectron emission means that the energy on the surface of the 

material is greater than its work function so that the electrons gain 

energy and then leave the surface of the material [6,7], as shown in Fig. 

2. Also, surface topography will affect the field emission characteristics 

[8-15]. 

The growth method used in CNT in this study is the floating 

catalyst chemical vapor deposition method. Then, the carbon 

nanotubes will be laser-cut to produce needle-shaped field emission 

arrays and then measured by field emission. In this research, the effect 

of the obtained carbon nanotube topography on the field emission 

characteristics will be compared under different spacing and heights. 

 

Fig. 2 Band structure of vacuum barrier bending during field emission 

[6] 

 

 

2. Experiment Method 

 

2.1 Preparation of Lasered CNT Array 

This research used a high-temperature furnace tube, as shown in 

Fig. 3, to produce carbon nanotubes by a floating catalyst chemical 

vapor method. Ferrocene powder was placed on the catalyst carrier 15 

cm from the substrate. Inert gases He and Ar were used as carrier gases, 

and C2H2 was used as a carbon source gas. The detailed experiment 

condition of CNT growth can be seen in Fig. 4. 

THE M320F-UDT900M laser engraver was used to cut the thin 

film into carbon nanotube arrays by laser. The frequency was set to 20 

kHz, and the scanning speed was fixed to 5 mm/s. The array was 

lasered according to different spacings. Experiments with the same 

spacing were used to measure the effect of CNT height on field 

emission characteristics. 

 

Fig. 3 Floating catalyst chemical vapor deposition method. (1) High-

temperature furnace tube, (2) quartz carrier, (3) catalyst carrier, and (4) 

furnace tube slide 

 

2.2 Characteristics of Lasered CNT 

The morphologies of lasered CNT will be scanned and recorded 

by SEM (TM-3030 Plus). The field emission characteristics of the 

lasered CNT are measured in a vacuum condition, and the voltage is 

applied from 0 V to 600 V. 

 

Fig. 4 The process parameters of CNT growth of temperature, time, 

and inert gas in each stage 

 

 

3. Result and Discussion 

 

3.1 Relationship between CNT Height and Growth Time 

In Fig. 5, it can be found that the growth height and coverage area 

of carbon nanotubes increases with the increase of time. The height is 

uneven at 4 minutes; the average height at 6 and 15 minutes are 135 

and 300 µm, respectively. It is worth mentioning that the coverage of 

carbon nanotubes is very different at 4 minutes and 6 minutes. At 6 

minutes, carbon nanotubes almost cover the entire substrate, and the 

growth density and quality are higher than at 4 minutes. 

 

Fig. 5 SEM side view of CNT growth time at (a) 4 min, (b) 6 min, and 

(c) 15 min 

 

3.2 Optimization of Laser Spacing 

A laser with a frequency of 20 kHz, a scanning speed of 5 mm/s, 

and a laser power of 1 W were selected for cutting carbon nanotube tip 

arrays. The actual laser kerf width was 85 µm. Therefore, the laser 

spacing was designed to be 75 µm and 100 µm to get the needle tip and 

trapezoid shape. The reason for choosing 75 µm is to explore the 

impact of overlap area on the morphology and field emission properties 

of carbon nanotubes. 

Fig. 6(a) shows the un-lasered carbon nanotube film with a uniform 

and flat morphology, 300 µm in height. In Fig. 6(b), with a laser 

spacing of 75 µm, the carbon nanotube height decreases, and the needle 

tips become irregularly arranged, leading to the loss of some whisker 

tips during field emission. Fig. 6(c), with a laser spacing of 100 µm, 

depicts a neat and needle-like laser array without overlapping, suitable 

for field emission with a 15 µm tip size. 

 

Fig. 6 SEM side view of (a) CNT film without laser processing and 

with laser processing of CNT array with different laser spacing of (b) 

75 µm and (c) 100 µm 
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Then, field emission of different laser spacings and pristine carbon 

nanotube films will be compared, as shown in Fig. 7 and Table 1. In 

J-E plot, the further left of the curve, the lower energy required for field 

emission. In Table 1, laser spacing of 100µm shows the most optimized 

performance with the smallest turn-on and threshold field. Laser 

spacing of 75 µm had the irregular whisker-shaped carbon nanotubes, 

this may burn or destroy during the field emission process, which leads 

to a higher threshold field. 

 

Fig. 7 Comparison of CNT arrays J-E plots with different laser 

spacings 

 

Table 1 Turn-on field and threshold field at each laser distance 

 Turn-on field (V/µm) Threshold field (V/µm) 

Origin 2.563 3.792 

75 µm 1.861 2.946 

100 µm 1.398 2.088 

 

3.3 Optimization of CNT Array Tip Width 

After the deciding laser spacing, a shorter tip size, 5 µm, was 

chosen to avoid trapezoid-like shapes. Fig. 8 shows the side view of 

the CNT tip array in 15 and 5 µm tip widths. It can be predicted that a 

smaller tip width will lead to improved turn-on and threshold fields due 

to the enhancement of local electric fields. This will make it easier for 

electrons to overcome resistance and escape from the tip. 

 

Fig. 8 Side view of the CNT tip array after laser processing. (a) 

T15_D100, (b) T5_D100 

 

3.4 Optimization of CNT Array Tip Height 

Heights of 150 µm was added for comparison with the previously 

studied height of 300 µm, and their SEM side view is shown in Fig. 9.  

Adjustments were made to the laser array drawing to achieve a 5 µm 

needle tip width by narrowing the distance between the lasers for lower 

heights. Higher heights may result in better field emission performance 

due to larger array volumes providing sufficient electrons for emission.  

 

Fig. 9 Side view of different heights of CNT tip array after laser 

processing of sample (a) T5_D100_H150 and (b) T5_D100_H300 

 

 

4. Conclusions 

The field emission characteristics under different morphology of 

lasered CNT arrays were discussed in this research. For laser spacing 

larger than the laser kerf width, the larger the spacing, the more the tip 

topography resembled a trapezoid, leading to worse turn-on fields. For 

laser spacing smaller than the laser kerf width, an irregular whisker-

shaped CNT appeared for the spacing. Also, some predictions were 

made. First, the smaller the tip width, the better the turn-on field. 

Second, the higher the tip of the CNT, the more the tip volume can be 

increased, providing enough electrons to pass through. By optimizing 

the parameters of the carbon nanotube tip array, an improved field 

emission properties will be achieved. 
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