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Field electron emission from a copper based composite reinforced with carbon nanotubes (Cu-4 wt.% CNT) was studied.  
The composite samples were processed by mixing copper powders and carbon nanotubes (CNTs) in a ball mill followed by 
hot isostatic pressing. To obtain a more even distribution of CNTs, the samples were subjected to high pressure torsion (HPT). 
After etching, clusters of CNTs were observed on the surface of the sample. The field electron emission from the sample 
was measured by means of a vacuum diode consisting of an anode and cathode. The composite sample served as cathode.  
The dependence of the current on the voltage applied between the anode and sample was determined. The current values of 5 
and 200 µA were found at the potential differences of 2200 and 3400 V, which correspond to the values of electric field 9 and 
13.5 V / µm, respectively. The increase of voltage above 3400 V led to initiation of microdischarge between the anode and 
sample. Under the same conditions, no current was detected with pure Cu samples. It is assumed that the current measured 
on the anode with the sample of Cu-CNT composite is the current of electrons emitted from the CNT clusters located on the 
surface of the sample and that this emission is of field nature. An analysis of the dependence of the current on the voltage for 
the composite samples is done in Fowler-Nordheim coordinates.
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1. Introduction

Carbon nanotubes (CNTs) are recently discovered as a 
type of new materials that possess unique mechanical and 
physical properties such as enhanced strength, thermal and 
electric conductivity etc. [1– 3]. The high strength makes 
them promising reinforcements in composite materials [4]. 
Therefore, a significant interest has been given to the studies 
on CNT reinforced metal matrix nanocomposites in recent 
years. Different techniques have been proposed to process 
the composites: conventional sintering [5, 6], hot pressing 
[7, 8], spark plasma sintering [9,10], flake powder metallurgy 
[11,12], molecular level mixing [13,14] etc.

Severe plastic deformation (SPD) is considered as 
a promising method of compacting metal-matrix CNT 
composites prepared by powder metallurgy [15,16]. The 
heavy deformation can result in not only better distribution of 
CNTs in the matrix and consolidation of the powder into bulk 
form, but also grain refinement of the matrix, which provides 
and additional strengthening. In our recent works [17 –19], 
we studied Al and Cu-CNT composites consolidated by SPD 
using high-pressure torsion (HPT) and found a significant 
improvement of the hardness with respect to that of pure metals.

The CNT reinforced metal matrix composites were 
also studied as field emitters for cold cathodes. In [20] 

patterned copper-multiwalled CNT composite emitters were 
fabricated by means of electrodeposition. Field emission 
current of about 10  µA ∙ cm−2 was obtained at the electric 
field of 2.5 V / µm−1. Multiwalled CNT-cobalt composite was 
prepared by in situ spray coating in [21]. Current densities 
as high as 1000 µA / cm−2 were obtained for the same electric 
field. Composite electroplating followed by micromachining 
was used to fabricate nickel-matrix CNT composite field 
emitters in [22]. These authors observed the currents of about 
6 mA / cm−2 for the same fields.

In the composites processed in our works [17 –19], 
many CNTs were found to be located on the surfaces of 
the consolidated samples in the forms of more-or-less 
continuous coatings or clusters (tangles) of CNTs. In 
other words, these studies showed that there was still a 
problem of a homogeneous distribution of CNTs in the 
matrix. Without such a distribution, it is not possible to 
fully exploit the strengthening potential of CNTs. On 
the other hand, one can assume that the CNTs and their 
tangles located on the surface of the composites can serve 
as emitters of electrons under the electric field, i. e. the 
composites can be considered as potential field emitters.  
Thus, the present work is aimed at a study of the field electron 
emission from the Cu-4 wt.% CNT composite consolidated 
by means of HPT.
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2. Materials and methods

A Cu-matrix composite containing multiwall CNTs with 
the concentration of 4 wt.% was prepared for the studies of 
the field electron emission. As initial components for the 
processing of the composite, Cu powder of 99.5 % purity 
with the size of particles about 10 –15  µm and multiwall 
CNTs with the purity of 95 %, diameters of 20 – 30 µm and 
length of 30 µm were taken. The process of fabricating CNTs 
were described in detail elsewhere [17 –19]. The CNTs 
obtained were solved in ethanol in a concentration of 1 g to 
100 ml and treated by ultrasound for 3 h in order to disperse 
the nanotubes. Then the Cu powder and solution of CNTs 
in ethanol were mixed in a planetary ball mill for 6 h with 
the rotation velocity 300 rot / min. The mixture thus obtained 
was dried and subjected to pre-compacting by hot isostatic 
pressing under the pressure of 0.1  GPa. As a result, disk-
shaped samples with the diameter of 10 mm and thickness 
of 1 mm were obtained.

For the compaction, in order to obtain high density 
close to the bulk density, homogeneous distribution of 
CNTs in the volume of the composite, and high strength, 
severe deformation by HPT as described in [23 – 25] was 
applied. The torsion straining was carried out on Bridgman 
anvils under the pressure of 5  GPa at room temperature 
with the rotation speed of 2  rpm up to 5  revolutions.  
As a result of HPT, disk-shaped samples with the diameter 
of 10  mm and thickness of 0.15  mm were obtained.  
To obtain a smooth and even surface, the samples were 
mechanically polished.

To characterize the morphology of CNT systems on 
the emitting surface, the samples were electrochemically 
polished and studied by means of a scanning electron 
microscope Mira 3LHM (Tescan, Czech Republic) equipped 
with an EDX spectrometer. The etching was carried out in 
the solution 20 %H3PO4 + 80 %H2O at the voltage 12  V and 
current 0.65 mA.

The field electron emission characteristics were measured 
by means of a vacuum diode consisting of an anode and 
cathode assembled together by isolators, the cold cathode 
being the sample of composite under study (Fig.  1).  
The anode had the same diameter as the cathode, i. e. 10 mm. 
The distance between the sample and anode was set equal 
to 0.25 ± 0.10  mm. The measurements of the field electron 
emission were done in vacuum with the residual pressure of 
10−6 Torr. A negative potential with respect to the anode was 
supplied to the sample. The anode current was measured by 
a digital voltmeter V7–78 / 1 (AKIP, Russia) in the regime of 
microampermeter. The errors of measurements of the current 
amounted less than 10 %.

3. Results and discussion

Electrochemical etching of the samples of the composite 
Cu-4 wt.%CNT shows that on their surfaces clusters of 
different shapes are located (Fig.  2). The SEM studies have 
shown that these clusters consist of CNTs. Chemical analysis 
by means of EDX revealed the fraction of carbon of 60 wt.% in 
these clusters. The morphology of the surface had differences 
depending on the distance from the center of the sample.

On the surface near the center the nanotubes form more 
or less continuous systems of predominantly elongated 
shapes (Fig. 2 a, b). At a higher magnification of their images, 
one can observe the nanotubes forming a continuous coating 
(Fig.  2 c). In regions of the surface located in the middle 
between the center and edge of the sample (Fig. 2 d, e), and 
near the edge (Fig.  2 g, i) mainly separate clusters of CNTs 
having similar sizes in both directions are observed. In higher 
magnification images one can see that these clusters consist 
of a large number of CNTs linked to each other (Fig. 2 f, i).  
The differences in the shapes and structures of the CNT 
groups are related to the nonuniform character of the strain 
during HPT: the local strain is maximum on the edge and 
minimum at the center of the sample.

In a SEM image obtained with an inclination of 20° to 
the surface normal from a region in the middle between the 
center and edge of the sample (Fig. 3) one can see that the 
individual arrays of the CNTs protrude from the surface to 
different heights. These arrays have sharp tips, the radius of 
curvature of which, as one can estimate from the images, are 
less than 1 µm.

The dependence of the anode current, J, on the voltage 
applied between the anode and cathode, U, is presented 
in Fig.  4. The current of J = 5  µA is detected under the 
voltage of U = 2200  V, which corresponds to the electric 
field intensity 9  V / µm for the distance 0.25  mm between 
the anode and cathode. With an increase of the voltage the 
current also increases and amounts J = 0.2 mA at the voltage 
U = 3400  V (the field intensity 13.5  V / µm). At the voltages 
above U = 3400 V a microdischarge between the cathode and 
anode was observed and the anode current was unstable.  
Further increase of the voltage resulted in an increase of the 
number of discharges. Such discharges are often observed 
during the investigations of the field emission from cold 
cathodes [26].

For a comparison to the data obtained, a sample of pure 
copper was also studied under the same conditions. With a 
cathode of this sample, no anode current under the voltage 
between the anode and cathode was observed.

One can assume that the current detected on the anode 
during the measurements with the Cu-4 wt.%CNT composite 
is the current of electrons emitted by the clusters of CNTs 
located on the surface of the sample and the emission is of 
field character.

Fig.  1. (Color online) The schematic of the field electron emission.
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The dependence of the field emission current on the 
potential difference is described by Fowler-Nordheim 
equation:
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where J is the current of electrons, U is the potential 
difference applied, φ is the electron work function, S is 
the emitting area, t(y) is a tabulated function, θ(y) is the 
Nordheim function, and β = 2 / (r · ln(R / r)) is the form-
factor (field enhancement factor) of the cathode tip in the 

shape of a paraboloid of rotation, r is the curvature radius 
of the tip, R is the distance of the tip from the anode [27].  
The emission current depends not only on the applied voltage 
and the distance between anode and cathode, but also on the 
tip curvature and electron work function.

The field electron emission from cold cathodes is 
conveniently analyzed in terms of the dependence of the 
current on the voltage in Fowler-Nordheim coordinates. For 
cold cathodes made of a single tip this dependence is linear. 
The linear dependence for the single tip is the proof of the 
mechanism of field electron emission [28]. However, during 
the measurements of field emission from cold cathodes, which 

    a                  b          c

    d                  e          f

    g                   h          i
Fig.  2. SEM images of the surface of the Cu-4 wt.%CNT composite with different magnifications: near the center of the sample (a, b, c);  
at a middle distance between the center and the edge (d, e, f); near the edge of the sample (g, h, i). The surface has been electrochemically 
etched before observations.
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have many tips on the emitting surface, the dependence of 
the current on the voltage is non-linear [29].

The dependence of the current J on the applied potential 
difference U for the Cu-4 wt.%CNT composite in Fowler-
Nordheim coordinates is nonlinear (Fig. 5). At the values of 
the inverse voltage 1000 / U from 0.45 to 0.34 V−1 the current 
increases linearly with the inverse voltage. This behavior 
can be explained with the fact that the field emission in this 
interval occurs from all clusters which can emit electrons 
and the increase of the voltage results in an increase of the 
current proportional to 1000 / U. In the interval of 1000 / U 
from 0.34 to 0.3 V−1 the increase of the current slows down 
and the slope of the dependence decreases. This decrease 
can be explained assuming that at the voltage values close to 
0.34 V−1 the CNT clusters give a maximum emission current 
and above this limit the tips of the clusters are destroyed due 
to resistive heating [30] which results in an increase of the 
curvature radius of the tips. The latter leads to a reduction 
of the field enhancement factor β which, in turn, results in 
a decrease of the emission current from individual clusters 
as compared to the value which would be obtained with the 
linear dependence. This results in a general weakening of the 
dependence of emission current on the inverse voltage.

4. Conclusions

In this work, we fabricated a copper-matrix composite 
reinforced by 4 wt.% carbon nanotubes by mixing in a ball 
mill followed by hot isostatic pressing and high-pressure 
torsion. Electrochemical etching allowed us to reveal CNT 
systems on the surface of the sample in the forms of separate 
clusters and continuous films. Field electron emission has 
been studied from the sample by means of a vacuum diode 
method. Anode currents of 5 and 200 µA were detected at 
the voltages of 2200 and 3400  V, respectively. The further 
increase in the voltage resulted in microdischarges between 
the anode and the sample. No field emission current from 
the pure Cu sample was observed in the same conditions.  
It is assumed that the anode current in the case of composite 
cathode is due to the field electron emission from the clusters 
of CNTs located on the surface of the sample.

The dependence of the emission current on the 
voltage plotted in Fowler-Nordheim coordinates is 
linear in the interval 1000 / U = (0.45 – 0.34)  V−1, while at 
1000 / U = (0.34 – 0.3) V−1 the increase of J with U slows down. 
This can be explained by the breakdown of the tips of CNT 
clusters due to the resistive heating.
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