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Introduction 
Substantial interest in the use of carbon nanotubes 
(CNTs) as electron sources or field emitters was 
stimulated by the earliest reports of their exceptional 
field emission behavior [1,2], which results from 
their high aspect ratio, electrical conductivity, and 
inertness. An important criterion for their practical 
usefulness as an electron emitter in devices such as 
electron microscopy and vacuum micro-electronic 
devices is their stability and noise characteristics. 
Such a CNT-based emitter may suit several nano 
manufacturing and metrology applications where 
electron beams are required. Here, we are particularly 
interested in using the emitter for nano machining, in 
which the electron beam from the emitter provides a 
concentrated source of thermal energy [3]. 

The emission of electrons by quantum-
mechanical tunneling in field emission requires high 
vacuum and high electric field at the tip of the 
emitter. The surface where the electrons are emitted 
is typically small (< 1000 nm2) and scales with tip 
size, which makes the emission current susceptible to 
transient conditions, especially due to adsorption or 
desorption of adsorbates at the emitting sites.  

As demonstrated in prior reports of field 
emission from individual CNTs [4,5], the emitted 
current density J [A/m2] is adequately modeled by the 
Fowler-Nordheim (FN) theory [6] given in Eq. (1) 
with work function φ [eV], local electric field at the 
CNT tip E [V/nm], and the constants a and b equal to 
1.541×10-6 A⋅eV⋅V-2 and 6.831×109 eV-3/2⋅V⋅m-1, 
respectively.   
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The dimensionless functions t(y) and v(y) result 
from including the image charge effect into the 
surface potential barrier. These slowly varying 
functions are approximated by Eqs. (2) and (3) for y 
given by Eq. (4). 
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The experimentally measurable quantities, 
current I [A] and voltage V [V], are related to the FN 
equation by assuming that J = I/Aeff and E = βV/d.  
Aeff [m2] is the effective emitting area, β is the field 
enhancement factor, and d [m] is the gap distance 
measured from the tip of CNT to the anode surface. 

Fransen [7] studied the long-term stability of the 
emission current from a CNT field emitter by 
sampling every few minutes over a period of several 
weeks. Though such investigations are extremely 
important for applications requiring long-term 
stability, it is not informative for variability over just 
a few seconds or minutes. Others [8,9] used field 
emission microscopy to image changes in field 
emission patterns with a phosphor screen while also 
measuring emission current. This enables correlation 
of the dynamic changes in the emission sites to the 
fluctuations in the recorded emission current. 

In this paper, the noise and stability of a CNT 
field emitter was studied using an apparatus with a 
nanopositioning stage that allowed for fine 
adjustments to the electrode gap. The transient 
current is separated into high frequency (noise) and 
low frequency (stability) components in the 
frequency domain. Then the noise and stability were 
characterized with statistical parameters such as 
mean, root-mean-square (rms), skewness, and 
kurtosis. This approach proves useful in comparing 
relative amounts of noise and stability under different 
operating conditions. 

Experiment 
The CNT field emitter (cathode) used in the 
experiment was prepared by attaching a multiwall 
carbon nanotube, synthesized by the chemical vapor 



deposition (CVD) using xylene and ferrocene, to the 
tip of a sharpened ∅ 150 µm tungsten wire as shown 
in the scanning electron micrograph of Fig. 1. The 
CNT of ~ ∅ 100 nm protrudes about 600 nm from 
the sharpened tip. The anode is a ∅ 125 µm cleaved 
optical fiber that was coated with copper along its 
cylindrical surface to connect with a gold layer 
deposited on the fiber’s cleaved end. 
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Fig. 1 CNT field Emitter 

Our experiments are performed in an ultra-high-
vacuum (UHV) chamber with vacuum base pressure 
of about 10-8 mbar (~10-8 Torr) using the apparatus 
and instrumentation illustrated in Fig. 2, which 
consists of a nanopositioning stage, a high gain 
transimpedence amplifier, and a low-noise high 
voltage power supply. A PC controls the experiments 
and records measured data. 
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Fig. 2 Experimental setup 

The anode and cathode are passively aligned by 
pressing them into two grooves that are micro-
machined into quartz substrates. This arrangement 
establishes a sharp cathode aimed at a much larger 

anode that is flat and smooth to within ~ 10 nm as 
estimated by scanning white light interferometry. We 
use stainless steel wires to preload the electrodes into 
the grooves and provide electrical contact with each 
electrode. The gap distance of the electrodes is 
adjusted to about 35 µm. 

The cathode is held at ground potential, and a 
positive voltage is applied to the anode using a high-
voltage power supply (Bertan Model 230-03R), 
which is remotely controlled by the PC. The emission 
current is measured with a transimpedence amplifier 
(Keithley, Model 428) that has adjustable gains from 
103 to 1011 V/A.   

All the measurements in this study were 
recorded at a sampling frequency of 20 kHz. To 
reduce aliasing in the recorded data, the filter of the 
transimpedence amplifier was set to about 20 kHz. 
The field emission circuit noise was recorded prior to 
the field emission experiments for gains 107 and 108 
V/A. Fig. 3 shows the noise spectra of the field 
emission circuit. The noise in the circuit for the gains 
107 and 108 V/A consists of mainly the harmonics 
greater than 10 Hz with dominant peaks of about 1 
nA at 60 Hz, and the rms of 0.55 nA and 0.51 nA, 
respectively. 
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Fig. 3 Noise spectra of field emission circuit  

Five emission current measurements lasting five 
minutes each were recorded with several minutes of 
separation between each measurement. The first 
measurement was recorded almost immediately after 
the emission current reaches about 10 nA. The 
emission current was then increased to about 100 nA 
in the following 4 minutes after the first measurement 
was completed. Then, four measurements of the 
emission current at about 100 nA were recorded with 
several minutes between each measurement.  



Result and Discussion 
The measured current data is transformed into the 
frequency domain with a discrete fast Fourier 
transform (FFT). Fig. 4 illustrates the emission 
current of measurement#1 with its corresponding 
spectrum. The emission current is quite stable with 
occasional fluctuations which consist of the super-
imposed of the low frequency harmonics that form 
the spikes. The mean current is 10.2 nA and the rms 
is 2.4 nA. The dominant peaks of the harmonics 
greater than 5 Hz occurred at about 12.5, 60, 180, and 
5836 Hz. 
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Fig. 4 Measured current and spectrum of 

measurement#1 

Fig. 5 and Fig. 6 show the measured current and 
the spectra from measurement#2 to #5. The stability 
in the emission current improves from 
measurement#2 to measurement#5 after 44 minutes 
of emission at about 100 nA. The improvement is 
further indicated by the gradual reduction in the 
magnitude spectra below about 5 Hz with the 
exception to measurement#4. The trend maybe 
associated with the removal of the adsorbates due to 
resistive heating of the CNT [10]. The higher 
frequency peaks indicate that the noise in the 
emission current occurred at 60 and 5840 Hz. 

Fig. 7 illustrates the transient (measured) 
current separated into low frequency (stability) and 
high frequency (noise) harmonics with the cutoff 
frequency chosen at 5 Hz. The stability and noise are 
characterized by considering the shape of the 
probability density function (PDF). Skewness is a 
measure of the asymmetry of the data around the 
sample mean. And, kurtosis is a measure of how 
outlier-prone (peakedness) a distribution is. Table 1 
summaries the statistical parameters such as mean, 
root-mean-square (rms), skewness, and kurtosis of 
emission current. 
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Fig. 5 Measured current for measurement#2 to #5 

 

10
-3

10
-2

10
-1

10
0

0

5

10

15

20

25

Frequency (Hz)

M
ag

n
it

u
d

e
(n

A
)

Measurement#2

Measurement#3

Measurement#4

Measurement#5

 

10
0

10
1

10
2

10
3

10
4

0

0.5

1

1.5

2

2.5

Frequency (Hz)

M
ag

n
it

u
d

e
(n

A
)

 
Fig. 6 Spectra of measurement#2 to #5 
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Fig. 7 Separation of measured current into low-frequency component (filtered current) and high-frequency 

component (residual current) using 5 Hz separation frequency  
 

Table 1. Statistical parameters determined for measured and separated currents 

 Measured current Filtered current (stability) Residual current (noise) 

Measurement mean 
(nA) 

rms 
(nA) skewness kurtosis mean 

(nA) 
rms 
(nA) skewness kurtosis rms 

(nA) skewness kurtosis 

1 10.2 2.4 6.4 77.5 10.2 2.2 6.7 79.0 1.0 2.7 147.7 

2 115.5 29.7 2.9 18.6 115.5 27.9 2.6 15.8 10.1 3.7 79.9 

3 108.5 27.3 3.7 28.2 108.5 25.3 3.0 18.6 10.2 3.0 71.7 

4 96.3 44.8 5.0 39.9 96.3 43.3 4.7 36.6 11.5 4.1 192.2 

5 74.5 15.2 10.4 305.4 74.5 13.4 4.4 56.2 7.2 6.7 608.7 

 
Conclusions 
The emission current from CNT field emitters can be 
analyzed and studied by separating low frequency 
harmonics as stability (<5 Hz) and high frequency 
harmonics as noise (>5 Hz) in the frequency domain. 
The emission current exhibits positive skewness and 
high kurtosis in all the measurements.   
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