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A B S T R A C T

A method of preparing a patterned carbon nanotube (CNT) cathode via a cold-pressing method is used in this 
study. The patterned cathode exhibited a low turn-on field strength and no significant deterioration in electron 
emission property, and the effects of different cold-press pressures on the field emission property of the patterned 
cathode were studied. Experimental results showed that when the cold-press pressure is 50 MPa, the patterned 
cathode has excellent field emission properties with a current fluctuation of 3.19 % (initial current density of 1.5 
mA/cm2), a low turn-on field of 0.77 V/μm, and an emission current density of 9.45 mA/cm2 at an electric field 
of 2.17 V/μm. This study provides a feasible technical route for the low-cost and high-efficiency production of 
patterned cathode, which has broad application prospects.

1. Introduction

Field emission cathodes offer the advantages of normal operation at 
room temperature, a simple structure, and faster response speed [1,2]. 
Owing to their high aspect ratio and large tip curvature, carbon nano-
tubes (CNTs) can locally generate a strong electric field, which easily 
emits electrons and becomes an ideal material for developing field 
emission cathodes [1,3]. Consequently, CNT cathodes have shown broad 
application prospects in vacuum electronic devices such as X-ray sources 
[4], field emission displays [3,5], and light sources [6]. It should be 
noted that although CNT cathodes have potential in field emission dis-
plays and light sources, related research is still in the experimental or 
development stages, and no widely commercialized devices have yet 
been achieved.

Research indicates that the CNT density is crucial for field emission 
property. Nilsson et al. demonstrated via experimental and theoretical 
studies that excessive CNT density can cause a screening effect, which 
reduces the electric field at the emitter tips and consequently decreases 
the emission current [7]. Therefore, adjusting the CNT density can in-
crease the emission current density. Both Kim et al. and Jiao et al. re-
ported that the edges of patterned emission sites exhibit localized 
electric field enhancement, which can reduce the screening effect and 
increase the emission current [8,9]. The design of patterned emission 

sites can effectively control the density of CNTs, thereby reducing the 
screening effect. In addition, Zhang et al. simulated the electric field 
distribution in a triode structure, and the results showed that the electric 
field intensity at the edge of the patterned emission point was signifi-
cantly higher than that in other regions [10]. According to the simula-
tion results, we infer that the field emission mainly comes from the edge 
of patterned emission points.

Currently, the main methods for preparing patterned CNT field 
emitters include chemical vapor deposition (CVD) [9,11,12], screen 
printing [3,13], and electrophoretic deposition [14]. In 2005, Zhao et al. 
obtained patterned CNT emitters on a silicon substrate using electro-
phoretic deposition, achieving a current density of 30 mA/cm2 under an 
electric field of 8 V/μm [14]. In 2006, Kwon et al. prepared square-type 
and line-type CNT emitters via screen printing. The experimental results 
revealed that the square-type CNT emitters presented a higher emission 
current and more stable emission property, with an emission current 
density of 243 μA/cm2 at an electric field of 10 V/μm [3]. In 2008, Liao 
et al. prepared a large-area, non-patterned CNT cathode via screen 
printing. The experimental results show that under a single pulse electric 
field with an electric field of 16.7 V/μm, the max emission current of the 
screen printing cathode is 1.95 kA [15]. In 2015, Wei et al. used mi-
crowave plasma-enhanced CVD to grow patterned CNT arrays as elec-
tron emitters, reaching a maximum current density of 4.5 A/cm2 [16]. In 
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2019, Kong et al. grew nonpatterned and stripe-patterned CNT emitters 
on alloy substrates via CVD. Their experiments revealed that the emis-
sion current of the patterned emitter was greater than that of the non-
patterned emitter at the same gate voltage [17]. In 2023, Chen et al. 
achieved high field emission from patterned cold cathodes by screen- 
printing CNT paste onto small-hole-patterned substrates. The CNT cold 
cathodes exhibited an emission current of up to 45 mA at an electric field 
of 7 V/μm [13].

Although the CVD method has excellent properties in the preparation 
of patterned field emitters, it is complex and costly [9]. In contrast, 
screen-printing and electrophoretic deposition are favored for their low 
cost and large-area patterning capabilities [13,18]. However, the 
organic solvents and binders commonly used in screen printing often 
have poor conductivity, which increases the contact resistance between 
the CNTs and the substrate and potentially buries the CNTs, leading to 
degradation of the field emission property of the cathode [19]. Simi-
larly, electrophoretic deposition requires high-quality suspensions, and 
an excessive amount of surfactant can lead to CNT entanglement and 
agglomeration, which will adversely affect the field emission property 
[20]. For the issues associated with CVD, screen-printing and electro-
phoretic deposition methods to be addressed, this study proposes a low- 
cost cold-pressing method for preparing patterned cathodes by using 
only CNTs without auxiliary materials. Additionally, a diode device was 
designed and built to evaluate the field emission property.

2. Experimental details

2.1. Preparation method

In this study, industrial-grade multiwalled CNTs (MWCNTs) with 
outer diameters of <10 nm and lengths of 5–15 μm were used as electron 
emitters. Square hole patterns were fabricated on the stainless steel 
substrate via a laser etching method. Then, the substrates were ultra-
sonically cleaned in anhydrous ethanol for 10 min and dried at 70 ◦C for 
20 min to reduce the contact resistance between the CNTs and the 
substrate. Then, the CNTs were pressed onto the patterned substrates, 
followed by mechanical activation treatment.

Fig. 1 shows the procedure for preparing patterned cathodes via the 
cold-pressing method. First, a cleaned stainless steel substrate with 
square hole patterns, CNTs, and an upper indenter were placed in a cold- 
press mold. Then, different pressures were applied to the upper indenter 
via a tablet press (MCS-30), and the samples were demolded after 
maintaining each pressure for 5 min. A razor was then used to remove 
CNTs from the nonpatterned areas of the substrates with square hole 
patterns to obtain the patterned cathodes. Finally, the patterned cath-
odes were mechanically activated via a rubber roller, and a tape was 
used to remove contaminants outside the patterned emission sites on the 
patterned cathode surface. The patterned cathodes prepared via the 
cold-pressing method are denoted P-X, where X = 30, 50, 100, 150, or 

200 MPa, which represents the applied pressure.

2.2. Characterization and measurement methods

The microstructure of the cold-pressed CNTs was characterized via 
focused ion beam scanning electron microscopy (FIB–SEM, LYRA3 
GMU). A laser Raman spectrometer (LabRAM HR Evolution, excitation 
wavelength of 532 nm) was used to obtain Raman spectra of the cold- 
pressed CNTs. The adhesion of cold-press CNT films to the substrate 
was evaluated using a micron scratch tester. Field emission property 
tests were conducted in a dynamic vacuum system with an initial vac-
uum of 1 × 10− 7 Pa [2], using a homemade diode device with a copper 
sheet as the anode, and the distance between the patterned cathode and 
the anode was about 470 μm.

A DC high-voltage power supply was used to apply voltage to the 
anode, and the current–voltage (I–V) properties of the patterned cath-
ode were measured with a digital multimeter. A 200 Ω resistor was 
connected in series between the cathode and the multimeter to protect 
the multimeter. After the I–V properties were measured, the vacuum 
was restored to 1 × 10− 7 Pa, and the emission stability of the cathode 
was evaluated with a data acquisition card (DAM-3158A).

3. Results and discussion

3.1. Property of patterned cathodes

Fig. 2(a) and (b) shows FIB–SEM images of the patterned cathode at 
different magnifications. Fig. 2(a) shows the surface morphology of the 
substrate, which was etched with regular square hole patterns via a 
laser. These patterns have a side length of 440 μm with a tolerance of 
±5 %, a spacing of approximately 400 μm, and a depth of approximately 
200 μm. The cathode surface contains a total of 35 square hole patterns, 
with a total emission area of 0.06776 cm2. The square holes were filled 
with CNTs via the cold-pressing method, as shown in Fig. 2(b), forming 
patterned emission sites. Some residual CNTs were observed outside the 
patterned emission areas. The top-view and side-view FIB–SEM images 
of the patterned cathode are shown in Fig. 2(c) and (d). In particular, 

Fig. 1. Schematic of the preparation of a patterned cathode by the cold- 
pressing method.

Fig. 2. (a) Image of a stainless steel substrate with square hole patterns, (b) 
patterned emission sites, (c) top-view FIB–SEM image of the patterned cathode, 
and (d) side-view FIB–SEM image of the patterned cathode.

A. Xia et al.                                                                                                                                                                                                                                      



Diamond & Related Materials 153 (2025) 112059

3

Fig. 2(c) shows the surface of the patterned cathode, where the CNTs are 
densely entangled with almost no impurities, and the white dots are the 
protruding ends of the CNTs. Fig. 2(d) shows that the cold-pressing 
method compacts the arrangement of the CNTs. After mechanical acti-
vation treatment, the CNTs exhibit an overall upward inclined 
orientation.

The crystallinity of the CNT emitters prepared under different cold- 

press pressures was evaluated via Raman spectroscopy (Fig. 3). The 
two prominent peaks in the Raman spectrum are the D peak (~1340 
cm− 1) and the G peak (~1570 cm− 1). The D peak arises from the radial 
respiration mode vibration of the hexagonal carbon ring, whereas the G 
peak originates from the stretching of sp2-hybridized C––C bonds [21]. 
The intensity ratio of the D peak to the G peak (ID/IG) is generally used to 
measure the crystallinity of CNTs, and a smaller ratio indicates better 
structural perfection of the CNTs [22]. Here, the ID/IG value increases 
from 0.927 to 1.164 as the cold-press pressure increases from 30 MPa to 
200 MPa, indicating a decrease in structural perfection with increasing 
cold-press pressure. This is due to the increasing cold-press pressure 
exerted on the CNTs, leading to structural defects such as deformation, 
fractures, or dislocations of the tube wall. These structural defects result 
in an increased D peak intensity, causing the ID/IG value to rise and the 
structural perfection to decrease.

The adhesion between the CNT film and the substrate was charac-
terized through micron scratch test of a non-patterned cathode prepared 
under a cold-press pressure of 50 MPa. As shown in Fig. 4, the frictional 
force gradually increases with the scratch position, reflecting an increase 
in the frictional resistance between the CNT film and the substrate. At a 
position of approximately 4.29 mm, a significant fluctuation is observed 
in the friction curve, indicating that the CNT film may experience local 
rupture or detachment. The penetration depth increases linearly with 
position, which is consistent with the scratch loading process, indicating 
that the carbon nanotube film has not undergone large-scale detach-
ment. The experimental results show that the adhesion between the 
cold-pressed CNT film and the substrate is average. Therefore, the 
adhesion force between the cold-pressed CNT film and the substrate can 
be attributed to the combined effects of electrostatic interactions, the 
high specific surface area of CNTs, and van der Waals forces.

In the field of field emission, the Fowler-Nordheim (FN) plot is 
commonly used to analyze I-V or J-E data. In 2019, Richard G. Forbes 
proposed that plotting I-V data as Murphy-Good (MG) plots allows for a 
more accurate extraction of emitter characterization parameters [23]. 
To calculate the field enhancement factor more accurately, MG plots are 
used in this paper for data analysis. Meanwhile, in order to provide a 
more intuitive representation of the field emission properties, current 
density, turn-on field (Eon) and threshold field (Eth) are used for char-
acterization. Therefore, in the following sections, current and voltage 
are converted to current density and electric field intensity.

The I–V curves and the corresponding MG plots of the patterned 
cathode prepared under different cold-press pressures are shown in 
Fig. 5. The applied electric fields required to generate emission current 
densities of 10 μA/cm2 and 1 mA/cm2 are defined as the Eon and the Eth, 
respectively.

As shown in Fig. 5(a), P-50 achieves electron emission at a lower 
electric field intensity, with Eon ≈ 0.77 V/μm and Eth ≈ 1.42 V/μm. For 
P-30, P-100, P-150, and P-200, Eon increases to 1.25, 0.91, 1.00, and 
1.40 V/μm, respectively, and Eth also increases to 1.86, 1.68, 1.84, and 
2.78 V/μm, respectively. The emission current density of P-50 reaches 

Fig. 3. Raman spectra of patterned cathodes prepared with different cold- 
press pressures.

Fig. 4. Variation of friction and penetration depth with scratch displacement.

Fig. 5. (a) I–V curves and (b) corresponding ln(I/Vκ) vs 1/V curves of patterned cathodes prepared under different cold–press pressures.
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9.45 mA/cm2 in an electric field of 2.17 V/μm, whereas those of P-30, P- 
100, P-150, and P-200 reaches 5.37, 6.36, 5.8, and 2.88 mA/cm2 in 
electric fields of 2.57, 2.45, 2.51, and 3.48 V/μm, respectively. As the 
cold-press pressure increases, the CNTs at the patterned emission sites 
become more tightly packed and tend to tilt (Fig. S1). At lower cold- 
press pressures, the number of emission sites is higher, which causes a 
screening effect, leading to a low emission current density at the same 
electric field. When the cold-press pressure reaches approximately 50 
MPa, the number of emission sites is moderate, reducing the screening 
effect and increasing the emission current density. However, with 
further increases of the cold-press pressure, the compaction of the CNT 
leads to a further decrease in the number of emission sites, resulting in a 
gradual decrease in the emission current density at the same electric 
field. In addition, as the applied electric field gradually increased, re-
sidual CNTs outside the emission sites and weakly adhered CNTs at the 
emission sites caused fluctuations in the emission current density.

The FN equation, widely used for calculating the field enhancement 
factor, is expressed as follows [24]: 

J =
Aβ2E2

ϕ
exp

(

−
Bϕ

3
2

βE

)

, (1) 

where J is the field emission current density, β is the field enhancement 
factor, ϕ is the work function of the CNTs (~4.95 eV for MWCNTs) [25], 
E is the electric field strength, and A and B are constants (A = 1.56 ×
10− 6 A⋅eV⋅V− 2, B = 6.83 × 103 V⋅eV− 3/2⋅μm− 1). According to Eq. (1), 
the field enhancement factor can be deduced as follows: 

β = −
Bϕ3/2

k
(2) 

where k is the slope of the FN plot. According to the slope of each FN 
curve, the field enhancement factors of P-30, P-50, P-100, P-150, and P- 
200 are 6196, 14,139, 11,380, 9668, and 8284, respectively.

In 1956, Murphy and Good proposed an improved field electron 
emission theory based on the work of Burgess et al. [26,27]. This theory 
assumes that tunneling occurs through a planar image-rounded 
tunneling barrier, which is now referred to as the “Schottky-Nordheim 
(SN) barrier.” The fundamental equation of the MG theory is as follows 
[23,28]: 

Im
(
fC
)
≈ ASN

f ⋅θexp(η)⋅fk
C⋅exp

(

−
η
fC

)

, (3) 

k = 2 −
η
6
, (4) 

θ(ϕ) = Ac− 4
s ϕ3, (5) 

where ASN f is the effective emission area, fC is fC value, κ is the voltage 
exponent, and cs is the “Schottky constant”. The formulas for cs and η are 
as follows [23,29]: 

cs =

̅̅̅̅̅̅̅̅̅̅̅

e3

4πε0
,

√

(6) 

η ≈ 9.8362
(

eV
ϕ

)1/2

, (7) 

where e is the elementary charge, and ε0 is the permittivity of free space.
According to Eq. (3), the extraction equation for the field enhance-

ment factor is given by: 

βextr = −
stBϕ3/2d

kslope
, (8) 

where st is a fitting value (st ≈ 0.95), d is the distance between the anode 
and the emitter, and kslope is the slope of the MG plot.

In experiments, the practical emission situations often exhibit un-
orthodox characteristics, which can lead to spurious results using Eq. 
(2). To address this issue, Richard G. Forbes proposed the “orthodoxy 
test”, which assumes the tunnel barrier to be an SN barrier, selects an 
appropriate of I-V data, and then calculates the field enhancement factor 
using Eq. (8). The equation for calculating the fextr value used in this 
testing method is as follows [30]: 

f extr = −
− stη

kslope ×
(
V− 1

), (9) 

where η is the dimensionless scaling parameter in the exponent of scaled 
forms of FN-type equations based on the SN barrier. When the ϕ ≈ 4.95 
eV, the range of f extr is between 0.14 and 0.43 [30], and the emission is 
considered “orthodox”. As shown in Table 1, the experimental data 
passed the test in the low electric field region and failed in the high 
electric field region, indicating that the field enhancement factor in the 
high electric field region is overestimated.

After the I–V property test, the patterned cathode was subjected to 
electrical aging for 1 h at an initial current density of approximately 1.5 
mA/cm2 to remove poorly adherent CNTs from the surface of the 
patterned cathode and further activate the CNTs. During this process, a 
slight increase in current density was observed. The current density was 
maintained at 1.5 mA/cm2 by adjusting the voltage, followed by a field 
emission stability test. The test results are shown in Fig. 6. The current 
fluctuation was calculated according to Eq. (10) [31]. 

Table 1 
Examining the variation and acceptability of field enhancement factor based on 
the field emission properties of the cold-pressed cathodes.

Type d (μm) βextr H fextr range 
(Remark)

βextr L fextr range 
(Remark)

P-30 490 8345 0.791 to 1.261 
(Unacceptable)

3728 0.246 to 0.349 
(Acceptable)

P-50 470 11,597 0.609 to 1.479 
(Unacceptable)

7947 0.358 to 0.398 
(Acceptable)

P-100 470 9341 0.526 to 1.343 
(Unacceptable)

4875 0.256 to 0.262 
(Acceptable)

P-150 470 7621 0.562 to 1.12 
(Unacceptable)

5935 0.308 to 0.416 
(Acceptable)

P-200 470 6540 0.638 to 1.341 
(Unacceptable)

3301 0.248 to 0.305 
(Acceptable)

Fig. 6. Field emission stability of patterned cathodes prepared by different 
cold-press pressures.
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δJ =

∑N

i=1

⃒
⃒
⃒
⃒ Ji − J

⃒
⃒
⃒
⃒

NJ
×100%, (10) 

where Ji is the current density of each measurement point, J is the 
average current density, and N represents the total number of mea-
surement points. The current fluctuations of P-30, P-50, P-100, P-150, 
and P-200 are 3.2 %, 3.19 %, 2.46 %, 3.87 % and 3.11 %, respectively. 
These fluctuations are all <4 %, indicating that the patterned cathodes 
achieve stable field emission property. The patterned cathode prepared 
at 50 MPa exhibited superior electron emission property and stability, 
which is attributed to the good interfacial contact of the patterned 
emission sites [13], and the low screening effect caused by the patterned 
design.

3.2. Comparation of patterned and non-patterned cathodes

A nonpatterned cathode was prepared at a pressure of 50 MPa 
(Fig. S2) to confirm whether the patterned design can weaken the 
screening effect. The area of the non-patterned cathode is about 
0.78540 cm2 and the spacing between the non-patterned cathode and 
the anode is 420 μm. Given the low cold-press pressure, the CNTs on the 
nonpatterned cathode were loosely arranged and generally upright 
(Fig. S3). Fig. 7 shows the I–V curve and the corresponding MG plot of 
the nonpatterned cathode. Owing to vacuum limitations, the maximum 
emission current density recorded was within 4 mA/cm2. The Eon of the 
nonpatterned cathode is approximately 0.77 V/μm, and the Eth is 
approximately 1.69 V/μm. At an electric field of 2.26 V/μm, the emis-
sion current density reaches 3.12 mA/cm2. By contrast, when the 
emission current density of the patterned cathode prepared under the 
same cold-press pressure reached 3.33 mA/cm2, the electric field was 
1.74 V/μm. According to Eq. (2), the field enhancement factor of the 
nonpatterned cathode is calculated to be 18,527, which is significantly 
greater than that of the patterned cathode prepared under the same cold 
pressing pressure. The f extr of the non-patterned cathode was calculated 
using the Eq. (9). In the high electric field region, 0.646 < f extr < 1.981, 
failing the orthodoxy test; while in the low electric field region, 0.336 <
f extr < 0.389, passing the orthodoxy test. The field enhancement factor 

in the low electric field region is 9595. As shown in the FIB–SEM images 
in Figs. S1(a) and S3, the CNTs in the nonpatterned cathode are more 
loosely arranged, which reduces the screening effect and thus results in a 
higher field enhancement factor [7]. However, the patterned design 
effectively reduces the screening effects at each emission site, leading to 
a higher emission current density for the patterned cathode than for the 
nonpatterned cathode under the same applied electric field.

3.3. Patterned CNT cathodes with different preparation methods

The approach of using patterned CNT cathodes prepared by CVD was 
compared with screen-printing methods to elucidate the field emission 
properties of cold-pressed patterned CNT cathodes. Table 2 summarizes 
Eon, the current density, and the field enhancement factor. To facilitate 
comparison with the results in the extensive existing literature, the field 
enhancement factors in Table 2 were calculated based on Eq. (2). The 
results indicate that the cold-pressed patterned CNT cathode has a lower 
Eon and a higher field enhancement factor, whereas its maximum current 
density still requires further improvement compared with the values 
reported in the literature.

4. Conclusion

This study successfully fabricated patterned CNT cathodes via a cold- 
pressing method, reducing preparation costs and simplifying the pro-
cess. The patterned cathode prepared at 50 MPa cold-press pressure 
showed the best electron emission property, with an Eon of approxi-
mately 0.77 V/μm and an emission current density of 9.45 mA/cm2 at an 
electric field of 2.17 V/μm. Future research could further optimize the 
geometric structure and cold-pressing parameters of the cathode to in-
crease its potential applications in vacuum electronic devices.

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.diamond.2025.112059.
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