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T
he field emission from the sharp
tips with lower electrostatic fields
has been satisfactorily explained in

terms of the formulation given by Fowler

and Nordheim (F�N) for the electrons tun-

neling through a triangular potential barrier

present at the metal vacuum interface.1�3

The F�N plots are routinely generated by

measuring the current density from an

electron-emitting surface as a function of

electric field. Using F�N plots, one can de-

termine the barrier height or the field en-

hancement factor for the electric field at the

tips. However, for very high electrostatic

field (�109 V/m), the phenomena of the

electron emission remain unexplored, due

to the practical difficulty of achieving such

high electric fields. The reduction of the

emitter tip size to low dimensions (of the or-

der of a few nanometers) can enhance the

electric field at the tip apex due to the

heavily convergent electric lines of force

on it. The carbon nanotubes (CNTs) would

be an excellent candidate for studying the

behavior of emitting tips at large electro-

static fields due to their extraordinary prop-

erties such as low dimensionality, high as-

pect ratio, high electrical conductivity,

better current stability, longer lifetime, and

lower turn on voltage.4�8 Barring very few

exceptions,4,9�13 most of the groups work-

ing on field emission from CNTs have used

the oriented samples, which are in the

shape of a CNT forest grown perpendicular

to the substrates.

We demonstrate a very novel and simple

technique to sharpen the CNT pillars by us-

ing the plasma of a mixture of H2 and N2 at

600 °C to achieve the desired sharp conical

tips with very few CNTs at the apex to give

rise to very large electric field at the vicin-
ity of the CNT tip.14 At such high fields, these
tips exhibit the field emission, which dem-
onstrates the constancy of emission current
at very low threshold voltage and a satura-
tion region which can be explained by the
tunneling of the electrons through a square
hill potential barrier of constant value (V0).
Here we have shown that, as we decrease
the tip diameter to the nanometer size, the
triangular potential barrier converges into a
square hill potential barrier, which leads to
a very interesting saturation region in the
I�V plots of the CNT emitters explained in
terms of the emission from a constant
barrier.

RESULTS AND DISCUSSION
Figure 1a�f shows the SEM images of

CNT pillar’s structure after plasma sharpen-
ing for 15�55 s. Figure 1a shows the as-
grown CNT pillar with forest shape mor-
phology aligned perpendicular to the
substrate. Figure 1b�f shows the varia-
tions in structure of CNT pillars as a func-
tion of the plasma sharpening time. The di-
ameter and the height of the as-grown CNT
pillars were �100 and �150 �m,
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ABSTRACT Nanostructures based on multiwalled carbon nanotubes (MWNTs) are fabricated using plasma of

the mixture of hydrogen and nitrogen gases. The plasma-sharpened tips of nanotubes contain only a few tubes at

the apex of the structure and lead to the dramatic enhancement in the emission current density by a factor

>106 with the onset field as low as 0.16 V/�m. We propose that the nature of the tunneling barrier changes

significantly for a nanosize tip at very high local electric field and may lead to the saturation in the emission current

density.
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respectively, before plasma etching. The morphology of

the pillar changes dramatically with the plasma treat-

ment; the height and the pillar tip diameter change sig-

nificantly with different duration of plasma treatment

(Table 1). The image of the samples after the plasma treat-

ment for 15 and 25 s are shown in Figure 1b,c; the etch-

ing has taken place, but the conical tips are not yet

sharply defined. The SEM image of the sample, plasma

sharpened for 35 s, shows most interesting tip structure

(Figure 1d) having an extremely sharp tip with long

length so that the aspect ratio is very high. In this image,

one can clearly see a few strands of CNTs sticking out at

the apex of the sample. The images for the samples

treated for 45 and 55 s, respectively, show that the over

etching has been done and the sharpness of the tip is lost.

The sharpest tip measured by SEM for Figure 1d is of the

order of a few hundred nanometers, yet it is likely that it

could be much smaller. Fig-
ure 2a,b shows the HRTEM im-
ages at lower and higher mag-
nifications, respectively. It is
evident that the CNTs form-
ing the pillars are multiwalled
in nature, and the walls of the
CNTs are relatively devoid of
defects. The typical diameter
of the CNTs ranges from 25 to
45 nm, which supports the
fact that there will be a very
few MWNTs sticking out of the
nanotip shown in Figure 1d.
We believe that the tips of the
CNTs are sharpened owing to
the plasma treatment contrib-
uting to the dramatic en-
hancement in the emission
currents.

In Figure 3, we have
shown the field emission
characteristics for the as-
grown CNT pillars and the
plasma-sharpened tips array
on a log scale. For low electric
fields, the current was ob-
served to follow the
Fowler�Nordeim law, where
the current density J is re-

lated to applied electric field E as J � A(�2E2/�)exp-
(�B�3/2/�E), with J in A/cm2, A � 1.56 � 10�6 A V�2

eV, and B � 6.83 � 107 eV�3/2 V cm�1; � is a field en-
hancement factor, � is work function (eV), E is applied
electric field in V/�m. The emission from the tip size of
different diameters as well as lengths scales (Figure
1a�f) varies quite systematically, as shown in Figure
3a�f. The emission from the untreated pillars and for
the plasma-sharpened tips for 55 s shows similar results
(Figure 3a,f; at 0.40 V/�m applied field, the currents
are 16 and 35 �A/cm2, respectively), whereas the emis-
sion from the plasma-sharpened tip for 15 and 25 s de-
marks (Figure 3b,c) from untreated pillars dramatically
(the enhancement in current density is on the order of
104). The plasma-sharpened tip for 35 s shows the most
dramatic emission; the enhancement in current den-
sity from the pillars to the plasma-sharpened tips of 35 s

Figure 1. SEM micrograph of (a) as-grown CNT pillar and (b�f) after H2 � N2 plasma treatment for 15, 25,
35, 45, and 55 s.

TABLE 1. Summary of Field Emission and SEM Analysis of the As-Grown as well as the Plasma-Sharpened CNT Pillar Array

plasma treatment
time

length
(�m)

tip diameter
(�m)

base diameter
(�m)

turn on voltage (Vth)
(V/�m)

knee point for saturation current (Vs)
(V/�m)

field enhancement factor (�)
at low field region

0 150 100 100 0.36 0.44 5960
15 150 24 100 0.23 0.38 12600
25 144 5 92 0.22 0.32 14200
35 132 	1 80 0.16 0.23 16600
45 90 3 75 0.21 0.33 10380
55 65 12 75 0.35 0.48 5740
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is of the order �106, and the onset of the electric field

for emission is remarkably low (�0.16 V/�m with corre-

sponding current density �10 �A/cm2). In general, the

onset fields for our samples are much smaller compared

to the work reported by other groups on pillars and

similar structures;15�20 in particular, the onset field of

0.16 V/�m is the lowest reported in CNT samples. The

F�N plots for all of the samples are plotted in Figure 4;

in all of the curves, it is evident that the saturation in

the current density is approaching at higher fields in

conformity with Figure 3. Table 1 gives the summary of

the emission results obtained on our samples.

The scaling of current densities as we change the

tip size to nanometer dimensions appears to play a sig-

nificant role in enhancing the field emission of the

CNT pillars. The apex of the plasma-sharpened tip for

35 s may have only very few nanotubes contributing to

the electronic emission current densities as the multi-

walled CNTs may align with the application of high elec-

tric field,21,22 and for such small dimensions, the values

of current densities achieved (�1.5 A/cm2 at the ap-

plied field of 0.30 V/�m) in our case are remarkable.

Also, Figure 4 exhibits the nature of satu-
ration in the sample with few nanotubes
emitting electrons at the apex, showing
the saturation of a very different nature
than that shown by other samples and re-
ported by other groups. In other samples,
where the plasma-sharpened tip is still
not of perfect shape (aspect ratio), the
saturation is just approaching and the
value of onset fields is larger (�0.21
V/�m). Predominantly, the space charge
effects, adsorbates present on the
samples, and contact resistance have
been cited as the cause of saturation in
the F�N plots.23�26 However, as the apex
becomes smaller and smaller of truly
nanometer dimensions, the local electric
field may become extremely large, lead-
ing to the alteration of the barrier signifi-
cantly and change in the nature of the
emission current.

Figure 2. HRTEM images of (a) the CNTs at lower magnification and (b) for a single CNT at very high magnification.

Figure 3. Field emission current density (in log scale) versus electric field
(in log scale) for a vertically aligned CNT pillar array of (a) untreated sample
and (b�f) after H2 � N2 plasma treatment for 15, 25, 35, 45, and 55 s.

Figure 4. F�N plots for a vertically aligned CNT pillar array of (a) untreated
sample and (b�f) after H2 � N2 plasma treatment for 15, 25, 35, 45, and
55 s.
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In Figure 5, we have plotted the CNT�vacuum elec-

trostatic potential energy for various applied electric

fields in the high field region, from 2 � 108 to 6 � 109

V/m. As given in the F�N model, we have used the

same form of the potential at the CNT�vacuum inter-

face, which is given by

where q is the electronic charge; x is the normal dis-

tance coordinate to the CNT surface; EF is the Fermi en-

ergy (�5.08 eV); � is the work function (�5 eV); qxF is

the potential energy due to external electric field; q2/

16
�0 x is the potential energy due to the image

charge. Figure 5 clearly shows that, with increase in

the applied electric field, the tip apex�vacuum barrier

bends down, resulting in the decrease of barrier height
(V0) as well as the barrier width. It can be noticed that
the barrier bending is faster for lower field region (2 �

108 to 10 � 108 V/m) rather than the high field region
(2 � 109 to 6 � 109 V/m), and after a certain high
field, the barrier width becomes almost constant. In
Figure 6, the barrier bending angle (�) has been plot-
ted against the electric field. The angle � has been
obtained from the slope of eq 1. For x � x0, where x0

� 1/4(e/
�0F) (which is the normal distance coordi-
nate to the emitter surface for maximum barrier height),
the slope of the image term can be neglected and the
effective slope of the tunneling barrier can be approxi-
mated to �qF.2 The figure shows that up to 2 � 109 V/m
(corresponding � � 70°), � changes rapidly following
the linear dependence with electric field. Then it devi-
ates from linear dependence, and � starts varying very
slowly with electric field. After the electric field reaches
6 � 109 V/m (corresponding � � 80°), the variation of �

with electric field can be assumed as almost negligible.
This allows us to approximate the tip apex�vacuum
potential barrier as a square hill potential barrier of con-
stant height V0 � EF � � and with very thin width (i.e.,
L, which is of the order of a few angstroms). From Table
1, if we calculate the actual applied field at the knee
point by multiplying � to the knee voltage (Vs) for
the sharpest tip (Figure 1d), consisting of very few CNTs,
we get the local electric field �3.8 � 109 V/m, which
matches closely with the knee point of the barrier bend-
ing angle (�) versus electric field plot (Figure 6). This im-
plies that the agreement between the theoretical esti-
mate and the experimental value of the field at the apex
of the sharpest tip is quite good. Thus, supporting our
experimental condition for high electric fields, the form
of the potential barrier can be approximated as

Using this constant potential barrier, V0, which is inde-
pendent of x due to the potential bending nearly 90° at
high electric field, we have formulated the saturation
current density by following the conventional calcula-
tion reviewed by Good and Muller.3 For the constant
potential barrier, the probability for barrier penetration,
T(E), of the electron in the normal direction to the emit-
ting surface with energy E can be rewritten after WKB
approximation as

The supply function N(E)dE, which is the number of
electrons moving along the x-direction with their en-
ergy within the range of E to E � dE, incident on the sur-
face per unit area and time, is given by3

Figure 5. Continuous lines show the nature of potential barrier at
the emitter surface for electric field varying from 2 � 108 to 10 �
108 V/m and then from 2 � 109 to 6 � 109 V/m (starting from the
top) with the interval of 2 � 108 and 2 � 109 V/m, respectively. Dot-
ted line is for the potential barrier without any applied field.

Figure 6. Barrier bending angle � (as shown in Figure 5) vs applied
electric field plot.

V(x) ) EF + φ - qxF - q2

16πε0x
(1)

V(x) ) EF + φ ) V0 (2)

T(E) ) exp(-(8m

p2
(V0 - E))1/2

L)

N(E)dE ) 4πm

h3
(EF - E) when E < EF

) 0 when E > EF
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By Taylor series expansion around EF and only keeping

the first term of the integration, we get current density

from the truly nanometer dimension tips as

The above equation gives the current density for

saturation region in very high electric field (�2 � 109

V/m) and depends on work function (�), barrier height

(V0), and the barrier width (L). For high field, the barrier

width remains almost constant but the height of the

barrier decreases by a factor of �� � [1/2(
�0)](e3F)1/2,

known as Schottky lowering.2 For a large change in

electric field, �2 � 108 V/m, �� is �0.5 eV; that is, �

changes very slowly with electric field. Thus eq 3 can

be taken as a slowly varying function of electric field,

which explains the saturation in emission current,

which is almost field independent. Thus, as the tip be-

comes sharper and sharper, the local electric field on
each CNT apex increases and the emission current ap-
proaches the saturation region. Due to lower screening
effect for the sharpest tip, a very high local electric
field is applied on a few CNTs at the pillar tip apex,
and it causes the required electric field to collapse the
CNT vacuum barrier to a constant square hill potential
barrier to achieve proper saturation current of CNTs.

CONCLUSION
In conclusion, a novel way of producing the plasma-

sharpened nanotips based on carbon nanotube struc-
tures has been reported here. We find that the enhance-
ment in the emission current density from the tip of
nanosize is of the order of �106 with lowest onset field
(�0.16 V/�m) reported so far in CNT samples. In the
case of a perfect plasma-sharpened nanotip, the highly
enhanced local electric field (�6 � 109 V/m) alters the
triangular tunneling barrier to a constant square hill po-
tential barrier that leads to the saturation of the emis-
sion current.

METHODS
CNT Growth. CNT pillars were synthesized by thermal chemical

vapor deposition (CVD) technique on a patterned silicon wafer.
The SiO2 layer of 50 nm thickness was grown on a p-type (100)
silicon wafer after RCA cleaning followed by wet oxidation. The
patterns with a circular cross section of 100 �m diameter on the
SiO2 layer were fabricated by lift-off photolithography in a ma-
trix of chrome�gold (Cr/Au) of 60 nm thickness. The Cr/Au layer
is used to avoid the growth of CNTs on locations other than the
circular silicon oxide patterns. The column and row separation of
250 �m was kept to prevent the CNT pillars from overlapping
onto one another. A liquid mixture of toluene/ferrocene was
evaporated and transported into the hot zone of the tube fur-
nace by hydrogen gas flow of �70 sccm. The synthesis time for
CNTs was 45 min, and the deposition temperature was kept at
�850 � 10 °C. The mixture of floating catalyst ferrocene and
toluene yields the growth of vertically aligned CNTs in the pillar
shape.

Plasma Treatment. The plasma treatment of as-grown CNT pil-
lar array was carried out in a mixture of hydrogen and nitrogen
(H2 � N2) plasma generated by microwave power. The flow rates
of H2 and N2 gases of 6 N purity were 40 and 10 sccm, respec-
tively. The optimized operating temperature and pressure for the
plasma treatment were 600 °C and 10 Torr, respectively. Plasma
treatment was carried out for a series of samples for a range of
time period �15�55 s.

Instrumentation. The morphological changes of CNT pillar ar-
ray samples were imaged by JEOL model JSM-6400 scanning
electron microscope (SEM). High-resolution TEM measurements
have been carried out using a 200 keV JEOL UHR machine. The
field emission characteristics of the sample before and after
plasma sharpening for different time were measured in a high
vacuum chamber with a parallel diode-type configuration, at the
base pressure of �5 � 10�7 mbar. The anode�cathode dis-
tance was adjusted by a micrometer screw, controlled from the
outside of the chamber. The field emission current was measured
at different voltages using an automatically controlled Keithley
6514 electrometer and SRS power supply (model PS-325).
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