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We present electron spin resonance spectra and the electronic transport characteristics of multiwalled carbon nanotubes (CNTs)
which were screen printed in a thick-film form for field emission displays. Electron spin resonance spectra showed a Dysonian line
due to conduction electrons, and the reduced temperature dependence of the g-value indicates the metallic properties of CNTs.
Zero-field resistivity and magnetoresistance were measured as a function of temperature T in the range 1.7-390 K and magnetic
field, respectively. The resistivity of nanotubes for temperatures of 10-390 K indicates that the system is intrinsically metallic and
the characteristics are well described by Mott’s T 21/4 law in temperatures above 10 K. We found that the main contribution to the
conductivity comes from carriers that hop directly between localized states via variable range hopping. The temperature depen-
dence above 10 K is in good agreement with that of an individual multiwalled CNT. However, below 10 K, the resistivity is well
fit to Efros’ T 21/2 law, confirming the presence of a coulomb gap for the system. With a decrease of the temperature below 10 K
the charge carriers in the system are localized by strong disorder, bringing a nearly insulating state. Using a diode configuration,
we measured the field electron emission characteristics and found that the CNT thick film appears to emit electrons with a densi-
ty of 80 mA/cm2, accompanying highly bright light emission. The emission current-voltage characteristics can be fitted to a straight
line in agreement with the Fowler-Nordheim equation, which confirms that the emission current resulted from field emission of the
CNT thick film.
© 2000 The Electrochemical Society. S0013-4651(00)01-109-5. All rights reserved.
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Following their discovery,1 carbon nanotubes (CNTs) attracted
much attention due to their extraordinary properties and possibilities
for various applications, i.e., in electronic, medical, or chemical
fields. Specific electronic, magnetic, or mechanical properties can be
expected for these quasi one-dimensional nanomaterials. Though the
potential applications of CNTs in nanotechnology are for the moment
speculative, production and purification of CNTs having controlled
structural and electrical characteristics will probably be realized in
the near future.

Due to high aspect ratio and small tip radii of curvature, CNTs
may be suitable for electron field emission under high fields2-9 and
therefore, great attention has been paid to field emission of multi-
walled carbon nanotubes (MWNTs) due to their long-term stability
and mechanical strength as compared to those of single-wall nan-
otubes. The MWNT-rich material is deposited on the cathode elec-
trode by the arc-deposition method and a subsequent treatment is
required in order to utilize the MWNTs for electron emitter applica-
tions. The electronic properties of MWNTs are of great interest, but
they also appear to be the most challenging to measure. Very recent-
ly, it has become possible to make a four-probe measurement on an
individual CNT and to accurately evaluate the electric properties of
a single CNT.10-15 After the first such report, there have been a few
studies on the electrical characteristics of the MWNT systems such
as individual, thin-film form, and sheet form, etc.16-20 At the same
time, much has been learned from other types of measurements. For
instance, electron spin resonance (ESR) studies indicate that a frac-
tion of the CNTs are indeed metallic, narrow-band semiconductor,
or wide bandgap semiconductor depending on defects in CNTs,
which must be annealed away through acid and heat-treatment.    

Though several studies were performed to identify specific char-
acteristics of an individual CNT, CNTs as an electron source for
field emission display are generally formed as a thin sheet. In this
case, CNTs are typically mixed with conductive paste, and until now,
only their field–emission properties under high electric field of
V/mm were reported. It is easily expected that the CNTs mixed with
conducting paste may induce severe deviation from properties of an
individual CNT, resulting in complex behaviors.

This work presents a detailed study of the structural and electri-
cal properties of both purified MWNTs of the main matrix material
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and a thick-film form MWNT mixed with conductive paste for field
electron emitters. We focus on the comparison of the properties be-
tween an individual MWNT reported by others and our thick-film
form MWNTs, which are assumed to be promising cathode emitters
for large area display. The resulting properties are discussed. 

Experimental

The starting raw CNT materials were produced by arc deposition
(Iljin Co., Korea). Three batches (2 g) of MWNT raw deposits were
first placed on an alumina plate, then heated to 6008C for 30 min
under normal atmosphere. After initial firing, the powders were re-
moved from the furnace, then weighed and regrounded in ethanol
using ultrasonic cleaner. In order to remove metallic impurities, the
MWNT powders were immersed in HNO3 for 5 min, then rinsed in
deionized water, several times. The purified CNT powder was mixed
with conductive binder (silver epoxy) with a volume ratio of 1:1
using a stirrer. Then 20 mm thick CNT film was formed by the silk
screen method on the bare glass substrate for the four-probe  meas-
urements and Cr-coated 2 3 3 cm glass substrate for field emission
study, respectively.

ESR spectra were recorded using a Bruker ESP-300S spectrom-
eter operating at 9.8 GHz equipped with a variable temperature
accessory. Electrical resistivity was measured using the convention-
al four-probe method in the temperature range 1.7–390 K. For elec-
trical contacts, four Al pads were formed by thermal evaporation and
then highly conducting graphite adhesive was used for contacting Al
and wiring Au. The ohmic contact down to the lowest temperature
was confirmed by checking the linear relationship between voltage
and current. The resistivity was measured using a Keithley 220 pro-
grammable current source and 182 nanovoltmeter. The temperature
dependence of resistivity and magnetoresistance (MR) as a function
of temperature were measured in fields up to 5.5 T using a He4 cryo-
stat equipped with a superconducting magnet (Quantum Design).
Based on these analyses, we suggest what is the dominant conduc-
tion mechanism in the measured temperature range and discuss the
differences of the electrical conduction characteristics between the
thick-film MWNTs and an individual MWNT or their sheet form
reported previously.

Field electron emission properties under the strong electric field
were measured on the thick-film MWNTs on a soda-lime glass sub-
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strate predeposited with Cr electrodes for the cathode. The spacing
between greenish-blue light emitting ZnO:Zn phosphor-coated indi-
um-tin oxide (ITO) glass and the MWNT cathode was fixed at
100 mm using glass fiber spacers.

Results and Discussion
ESR results.—The ESR studies of CNT reveal many aspects of

the material and also illustrate very well the issue of defects and
sample preparation. Zhou et al. reported a very weak ESR signal for
an unpurified nanotube (NT) with a g-value of 2.000, while Kosaka
et al.21 observed a strong conduction ESR signal for unpurified and
purified NT indicating the presence of metallic and/or narrow–band
gap semiconducting CNTs. The effect of the annealing can also be
seen by comparing the intensity and g-value dependence of conduc-
tion ESR peaks for purified and purified annealed NTs, as shown in
Fig. 1a and b. At room temperature, ESR spectra for the unpurified
sample is clearly composed of two signals, a narrow signal (A) and
a broader one (B). There is some uncertainty in the estimation of the
linewidth of B, because its intensity is lower than that of the narrow
signal. These two signals are characteristic of an inhomogeneous
material22 containing broad signal and narrow signal. The B signal
vanished continuously when the temperature decreased, then at
125 K, it is very small in ESR spectrum. Here, we tentatively sug-
gest that the A signal is related to the resonance centers in graphite
carbon existing in the CNT network.    

For the purified CNT, the signal intensity in Fig. 1b decreased
one half the value of the unpurified one and also, signal A disap-
peared and an asymmetric line appeared, showing the trace of signal
A. This, called the Dysonian,24 may originate from the motion of
paramagnetic centers as well as a motional narrowing effect due to
active hopping of the electrons after the purification. In purified

Figure 1. The temperature dependence of EPR spectra for the MWNTs. The
resonance signal shows a Dysonian shape and corresponds to the typical sig-
nal due to conduction electrons: (a) unpurified CNTs and (b) purified sam-
ple, respectively. 
Downloaded 30 Jun 2008 to 163.152.52.85. Redistribution subject to E
CNTs, the collapse of two signals which were observed in unpuri-
fied CNTs indicates the fact that more homogenous material result-
ed from purification. 

The measured g-value of the CNTs after purification in Fig. 2
showed a nearly constant value at measuring temperature range of
125-405 K, as compared to that of the unpurified one. The fact that
the g-value of the purified CNT sample becomes temperature inde-
pendent upon purification can be understood if the large portion of
our CNTs have closed cylindrical structures, which was confirmed
by transmission electron microscopy (TEM) images. If the open
tubes are dominant, the interlayer spacing and therefore interlayer
interactions are more temperature dependent. Finally, we have to
reconsider the dependence of the signal intensity on the relative spin
carrier concentration (i.e., intensity) as considering I (signal intensi-
ty) 2 N (spin density) 3 dc (skin depth). Considering the fact that the
number of spins present in the CNTs is directly related to the area of
the absorption signal, the decrease of signal intensity indicates the
removal of graphite carbon and other carbonaceous particles, which
was one of the resonance centers, after purification. On the other
hand, such a purification treatment can also lead to modifications of
the spin interactions, which induces a decrease of the frequency of
the electron-electron and electron-phonon collisions, and as a result
the conductivity relaxation time (or diffusion time t) increases.
Therefore, we expect a decrease of resistivity for the purified CNTs
which is confirmed through the measurement of electrical resistivity. 

Electronic transport and field electron emission characteristics.—
Figure 3a shows the changes in resistance, R, which were measured
as a function of temperature over 1.7–390 K range for the thick-film
form MWNT samples with an average external diameter of 15-
30 nm. It is found that the resistance increases rapidly below 100 K
and is nearly constant between 100 and 360 K and also increases with
increasing temperature above 360 K. For different thick-film MWNT
samples with a different external diameter of 25–60 nm, nearly the
same trend was observed as shown in Fig. 3b. 

The resistance vs. temperature in the range 1.9 K < T < 100 K was
measured more precisely using four Al contacts in the plane of the
MWNT sheet mixed with conductive binder. Figure 4a shows the
resistance of the MWNT plotted logarithmically against T21/2 and in
Fig. 4b, against T 21/4 over the higher temperature range. The MWNT
obeys an x 5 1/4 (x:T 2x) variable range hopping (VRH) law26-28

from 10 to 100 K. This is shown in Fig. 2b and clearly, a single line
does not fit the data over the entire temperature range of 1.9–100 K.
On the other hand, the linear dependence of ln [R (T )] on T 21/2, as
shown in Fig. 4a, indicates that Efros and Shklovskii (ES) VRH con-
duction28 slightly appears at low temperature below 40 K. More
direct observation was possible near 10 K. One important thing in our

Figure 2. The temperature dependence of g value for (a) unpurified CNTs
and (b) purified sample. The g-value of the CNTs after purification showed a
nearly constant value in measuring temperature range, as compared to that of
the unpurified one. 
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thick-film MWNT system is that the resistivity data follow the gen-
eral hopping law expression in ln r ~ (T0/T )x with an exponent x
changing from 1/4 to 1/2. 

It is accepted that a steeply increasing resistivity of the highly
conducting CNT can be explained as a weak localization of electrons
in a metallic system in the low-temperature range of 10–50 K. Many
authors have reported that at low temperatures the transfer of elec-
trons between nearest-neighbor sites may be less favored than be-
tween more distant sites that are energetically accessible to reduce
the energy necessary for the transition. The low-temperature trans-
port properties of disordered systems are governed by VRH between
the localized states. Mott was the first to predict the key relation for
the temperature dependence of the conductivity for noninteracting
carriers and for a constant density of states near the Fermi energy or
a slowly varying function of energy. In disordered solids like our sys-
tem of nonaligned MWNTs mixed with conductive paste, localized
electrons can carry current at nonzero temperature but cannot screen
the coulomb interaction as effectively as in metals. Coulomb interac-
tions in a many-electron system always deplete the single-particle
density of states N(e) near the Fermi energy eF, relative to the nonin-
teracting case.28 For a barely insulating material, charge transport
occurs via inelastic hopping between the states localized in both
space and energy. Mott showed that at low temperature electrons
seek accessible energy states by hopping distances beyond the local-
ization length, leading to VRH conductivity s(T ) ~ exp(2T0/T)n.
For noninteracting electrons n 5 1/4 in 3D, Efros and Shklovskii
argued that including coulomb interactions, the ground state is stable
with respect to a one-particle excitation only if N(e) has a quadratic
dependence on e near eF

Figure 3. Log resistivity (R) vs. temperature for thick-film MWNTs. The
resistivity of the MWNTs increases rapidly below 10 K. 
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where k is the dielectric constant. Because N(e) vanishes only at eF,
there is a “soft” coulomb correlation gap with a width Dc 5 e3

(N0/k3)1/2, where N0 is the noninteracting density of states. In gener-
al, a power law N(e) ~ (e 2 eF)m results in a hopping exponent n 5
(m 1 1)/(m 1 4) as T r 0, so that Eq. 1 gives n 5 1/2. When T is
high enough for a hopping electron to explore an energy range kB
[T 3T0]1/4 > DC, where T0 5 18/kBj3N0 and j is the localization
length, the influence of the coulomb gap can be neglected and the
n 5 1/4 exponent is expected. However, below the temperature Tx 5
0.38 e4jN0/kB k2, only states inside the gap are accessible and a
crossover to x 5 1/2 is predicted. This ES theory well fits the present
resistivity data, as shown in Fig. 4a, suggesting the presence of a
coulomb gap for about T < 10 6 4 K and a transition to a nearly
insulating state. Note that this is the difference between pure CNT
sheet (or mat) and our system mixed with conductive epoxy.  

Considering previous reports, particularly regarding disordered
metals and some doped inorganic semiconductors,29 our observation
is not peculiar. Efros pointed out that because of long-range interac-
tions between localized states, the density of states near the Fermi
energy tends to go to zero, which yields a parabolic coulomb gap. In
the last few years the crossover between Mott and ES hopping
regimes as a function of temperature has been found experimentally.
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Figure 4. (a) Temperature dependence of the resistivity plotted as ln R vs.
T 21/2. The solid lines are the best-fit lines with VRH conduction as predict-
ed by Shklovskii and Efros. (b) Temperature dependence of the resistivity of
the thick-film MWNT plotted as ln R vs. T 21/4. (—) Linear fits showing a
large deviation with an increase of magnetic field. 
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Very recently, it has been observed that some conducting polymers
and conducting polymer mixed with powder systems30,31 also show
crossover from Mott to ES VRH conduction with a small coulomb
gap. Here we would like to note that it is impossible to break up all
the entanglements of the CNT materials with the conductive binder
by the dispersion process used in our work and to remove all the
other carbonaceous materials, although the ultrasonic and the subse-
quent intensive grinding process of the mixed paste leads to an
improvement of the dispersion of the CNTs in the binder. Therefore,
our thick-film MWNT samples show one of the characteristics of a
disordered system and at the same time, it should be noticed that
these phases form a conductive three-dimensional network through-
out the whole sample as confirmed in resistivity measurements. 

For the occurrence of a transition from the Mott to the Efros
mechanism below 10 K, we can explain the effect as follows. The
competition between the interaction between electrons and the dis-
order of the system results in glassy dynamics that are often associ-
ated with very long relaxation times. A very recent report revealed
that in the presence of strong disorder, electrons could indeed have
very long relaxation times.32 This occurs in a system with randomly
placed electrons that have coulomb interactions. Heavily doped
semiconductors and disordered metals like our thick-film MWNT
system are assumed to be examples of such systems. The coulomb
interaction between the localized states results in a so-called
coulomb gap in the single particle density of states that is centered
at the Fermi energy. In order to produce the coulomb gap, electron
rearrangement must occur and the associated hopping can involve
very long time scales. These long relaxation times are consistent
with recent reports33-35 on thin-film semiconducting and metallic
films which have shown that in the presence of strong disorder the
electronic systems can relax very slowly, and the dip in the conduc-
tance (or rapid increase of resistivity) and the long relaxation times
are present only at very low temperatures (T < 20 K). As the number
of phonons increases with temperature, there is an increase in the
phonon-assisted hopping of electrons. This leads to a rapid re-
arrangement of electrons on time scales that are too short to observe
experimentally. As a result, no dips in the conductance or resistance
were seen experimentally at higher temperature and in our case,
above about 10 K. 

Figure 5a shows the magnetic field dependence of the resistivity,
showing a negative magnetoresistance [R(H)-R(0)/R(0)] at lower
fields in the temperature range 9–50 K. We can observe an effect at
low temperatures 9-14 K, where the MR shows a quadratic depen-
dence on magnetic field (H ) and when replotting, as shown in the
inset of Fig. 5b as a function of H2, the [R(H)-R(0)/R(0) ; DR/R(0)]
are linear up to near 0.14 T at the low temperatures 9–14 K. The
magnitude of DR/R(0) showed a minimum value and the sign was
changed under a high magnetic field about 3 T. Increasing the tem-
perature causes a shift toward lower magnetic fields, so that for tem-
peratures near 50 K this minimum lies below 2 T. Recently, many
groups report a linear negative MR or a quadratic MR, and it was
suggested that a quadratic MR is negative in the case of strong dis-
order and positive in the case of weak disorder in the weak magnet-
ic field limit. In our case, the weak magnetic field limit turns out to
be about 0.14 T. The ways that the magnetic field affects the local-
ized states and the hopping process are to change the transmission
probability of tunneling between two states due to quantum interfer-
ence effects and the change of the energy of the localized states via
a Zeeman shift. The electron hopping probability under the magnet-
ic field depends on the relative orientation of the two localized states
and increase as they are aligned in the same direction, reducing the
probability of antiparallel singly occupied spin states and resulting
in a decrease of the hopping rates. These give rise to a change from
a negative MR to a positive MR.  

Finally, the field electron emission properties under a strong elec-
tric field were measured on the thick-film form of MWNTs on a
soda-lime glass substrate predeposited with Cr lines for the cathode
electrodes. The spacing between ZnO:Zn phosphor-coated ITO glass
and the MWNT cathode was fixed at 100 mm using glass fiber spac-
Downloaded 30 Jun 2008 to 163.152.52.85. Redistribution subject to 
ers. Before obtaining field emission data, we examined the surface
of the thick-film MWNTs to check the occurrence of any cracking
area and we stressed the samples several tens of times to stabilize the
system. The measurements were performed at a pressure of 2 3
1026 Torr. The plots of the emission current vs. electric field for two
kinds of thick film systems with an external diameter of 10–15 nm
and 20-30 nm are shown in Fig. 6a. These characteristics are rela-
tively stable and repeatable without degradation of the background

Figure 5. (a) The change of resistivity as a function of applied magnetic field
and (b) magnetoresistance for different temperatures. (c) Shows the quadrat-
ic dependence of the resistance on the magnetic field in the weak field limit
at 9 and 14 K, respectively. 
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vacuum. The nominal onset fields for an emission current in Fig. 6a
are 2.0 and 4.5 V/mm, depending on the diameter of MWNTs. Fur-
thermore, the figure indicates that the lower value of the resistivity
for the sample with the decrease of the diameter was closely related
to the lowering onset field of electron emission. The I-V data plotted
according to the typical Fowler-Nordheim (F-N) relationship for
field emission is shown in Fig. 6b and fitted well. Although thick-
film MWNT films are a strongly disordered system mixed with con-
ductive epoxy, the metallic behavior provides a low turn-on field
(1.5-4.5 V/mm) as well as a high emission current required for the
field emission displays.

Conclusions

In this work, the results of ESR measurements and electrical con-
duction characteristics in a thick-film form of MWNT mixed with
conductive epoxy were reported. The main focus of this paper was
to compare the similarity and the difference between an individual
MWNT (or sheet form pure MWNT) and CNT-binder composites
system. As a result, we obtained evidence for metallic properties of
our thick-film MWNT system through ESR study. The behavior of
the resistivity of MWNTs for temperatures of 10-390 K indicates
that our system is intrinsically metallic and the main contribution to
the conductivity comes form carriers that hop directly between local-
ized states via VRH. The temperature dependence above 10 K is in
good agreement with that of an individual MWNT. However, with

Figure 6. (a) Emission current–electric field characteristics and (b) F-N plots
for thick-film MWNTs.
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the decrease of temperature below 10 K, the charge carriers in the
system are localized by strong disorder, bringing a nearly insulating
state as like metal-insulator transition. The behavior in the low-tem-
perature regime can be explained by the ES conduction theory based
on a strongly disordered system. Possible sources for the disorder
are not confirmed at this moment; however, it is probable that the en-
tanglement of the CNT system and binder effect contribute a local-
ization effect on the carriers. Using the thick-film MWNTs for a
large area display resulted in a very bright light as well as a very low
turn-on field just like individual MWNTs at room temperature. 
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