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The field emission of a carbon nanotube (CNT) pillar array has been improved significantly by
plasma treatment in a mixture of hydrogen and nitrogen gases. The plasma treatment for 30 s on a
pillar array decreased the turn-on electric field from 0.48 to 0.37 V/um and increased the field
enhancement factor from 6200 to 6900. The emission current density increased by a factor of =40.
We report in this letter the technique of generating nanotips on CNT pillars with an enormous
potential to become a tool for the control and manipulation of CNTs and nanostructures. © 2008
American Institute of Physics. [DOI: 10.1063/1.2996283]

Carbon nanotubes (CNTs) have proved to be an ideal
field emitting material due to their high aspect ratio, high
electrical conductivity, high mechanical strength, and chemi-
cal inertness.' For display applications, CNT films are pref-
erentially obtamed by chemical vapor deposition (CVD)
techmques the main advantage of CVD being the direct
growth of the nanotube film emitter onto the substrate which
can be further used as a cathode. The CNT pillar array has
proved to be a better field emitter than the CNT film due to
the reduced screening effect and enhancement in field due to
the edge effect. 19 The surface treatment of as grown CNT
films has also proven to be an effectlve way to enhance the
field emission property.'' ™" Zhi e al.'' used hydrogen (H,)
plasma treatment to enhance the emission current density of
CVD grown CNTS The enhancement was attributed to the
formation of C"°~H*? dipole layer on the CNT surface tlp
sharpening, and increase in defect density. Gohel et al."?
gued that the enhancement in the emission current dens1ty
after nitrogen (N,) plasma treatment occurs both due to
physical and chemical changes that take place during the
treatment. In physical changes, the N, plasma causes the
CNT density to decrease and the nanotube length to be short-
ened, and the chemical changes occur due to N, doping in
CNT films during plasma treatment. In recent years, a few
groups have also re(;))orted that the work function of amor-
phous carbon films'®'” can be reduced by incorporating ni-
trogen into the films.

In this letter, we report a method of transforming the
CNT pillar arrays into a conical shaped emitter array by
plasma treatment in a plasma of a mixture of H, and N,
gases. The pillar arrays have been fabricated on a patterned
silicon wafer by thermal CVD technique. The conical
needles formed after the plasma treatment, of almost perfect
shape, are found to be excellent field emitters. This is evident
from an enhancement observed in the emission current den-
sity by a factor of =40 after the plasma treatment. The im-
proved emission current density is attributed to enhancement
in the field at the tip of the emitter, reduction in screening
effect, and increase in the aspect ratio.

Aligned CNT pillar array samples were synthesized by
thermal CVD on the patterned silicon wafer. The patterns of
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circular cross section of 200 um diameter of silicon oxide
(thermally grown 50 nm thickness) were fabricated on sili-
con wafer by photolithography in a matrix of chrome-gold
(Cr/Au). Cr/Au layer is used to prevent the growth of CNTs
on locations other than the silicon oxide. The experimental
procedure for the growth of CNTs by thermal CVD process
is described elsewhere.'® The plasma treatment of as grown
CNT pillar array was carried out in a plasma of a mixture of
H, and N, gases generated by microwave power. The flow
rates of H, and N, were 40 and 10 SCCM (SCCM denotes
cubic centimeter per minute at STP), respectively. The oper-
ating temperature, pressure, and process duration for the
plasma treatment were 600 °C, 10 Torr, and 30 s, respec-
tively. The structural and chemical modifications of CNTs
arrays before and after the plasma treatment were examined
by a Hitachi model S3400N scanning electron microscope
(SEM) and Jobin Yvon model HR800 micro-Raman spec-
trometer, respectively. The field emission characteristics of
the sample before and after plasma treatment were measured
in a high vacuum chamber with a parallel diode-type con-
figuration at a base pressure of ~5X 1077 mbar. The field
emission current was measured at different voltages using an
automatically controlled Keithley 6514 electrometer and
power supply (model SRS, PS-325).

Figure 1 shows the SEM micrographs of the as grown
CNT pillar array as well as the conical shaped CNT pillars
after the plasma treatment for 30 s. Figures 1(a) and 1(b)
show the CNT pillar array before the plasma treatment. A
high degree of alignment between the adjacent CNT pillars is
seen. It can be seen from Figs. 1(a) and 1(b) that the typical
diameter and spacing between the two pillars are 200 um
and 2 mm, respectively. Figures 1(c) and 1(d) show the coni-
cal shaped pillars after the plasma treatments. The pillars of
circular cross section are converted into almost perfectly
shaped cones. The top diameter of the conical shape CNT
pillar after the treatment is =30—40 wm, as measured using
SEM. It is possible, however, that the tip radius may be
smaller than reported here. It is observed that the distance
between the pillars increases after the plasma treatment. The
plasma etching rates in the vertical and horizontal directions
are approximately 10 and 5 um/s, respectively. The etching
of the pillar in the corner region is likely to be substantially
higher than that in the central region because the corners will
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FIG. 1. (a) A SEM overview image of an as grown CNT pillar array. (b)
Magnified image of an as grown CNT pillar. (¢c) SEM micrograph of a H,
+N, plasma treated CNT pillar array. Plasma treatment changes the shape of
the pillar into a cone. (d) Magnified overview of a conical shape CNT
bunch.

contain a higher density of pentagon/octagon defects. In the
central part of the pillars, the defect density will be low due
to entangling. As we expose the pillar array in plasma, the
anisotropy of the etching rate in the vertical and horizontal
directions converts the pillar into a conical shape after a cer-
tain time.

The Raman spectra of the CNT pillar array before and
after plasma treatment in the frequency range of
1000-2000 cm™' are shown in Fig. 2. The spectra show
mainly two Raman bands at 1350 cm™' (D band) and
1580 cm™! (G band). In the spectra of CNT pillar array, the
D' band appears as a small shoulder of the G band at
1610 cm™!. The origin of the D and D' bands have been
attributed as the disorder features of graphitic sheets.'” The
D and D’ bands become stronger and sharper after plasma
treatment. The details of the Raman analysis is summarized
in Table I. The values given in parentheses in Table I are the
full width at half maximum (FWHM) of the corresponding
peaks. The intensity ratio of the D band to the G band
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FIG. 2. (Color online) The Raman spectra of an as grown and CNT pillar
array after H,+ N, plasma treatment,

Appl. Phys. Lett. 93, 131921 (2008)

TABLE I. Summary of Raman spectra for an as grown and CNT pillar array
after H,+N, plasma treatment.

Sample D band (cm™) G band (cm™) D’ band (cm™) [I,/I;
As grown 1344 (38) 1570 (33) 1605 (20) 0.79
Plasma treated 1344 (32) 1569 (26) 1606 (17) 1.07

(Ip/1g) increased from 0.79 to 1.09 after plasma treatment.
The decrease in FWHM of the D band is indicative of the
decreased sp? character, while the sharpening of the G band
may be due to the removal of amorphous carbon from the
surface of the nanotube.

Figure 3 shows the results of the field emission measure-
ment made on the as grown CNT pillar array as well as the
conical shape CNT pillar array after plasma treatment. The
turn-on fields (defined at an emission current density of
10 uA/cm?) for the sample before and after plasma treat-
ment are 0.48 and 0.37 V/um, respectively. The maximum
emission current density drawn at a field of 0.63 V/um in-
creased significantly from a mere 3 to 115 mA/cm? after
the plasma treatment. In order to obtain stable and
reproducible field emission characteristics, high currents
were generated initially between the anode and CNT pillar
array to remove any adsorbates and burn out the loosely
attached nanotubes on the top surface. The emission current
followed the Fowler-Nordheim (FN) law, where the
current density J is related to the applied electric field
E as J=A(B’E*/ ¢)exp(-B¢*?/BE), where A=1.56
X107 AV~—2eV, B=6.83X107 eV Vem™!, B is the field
enhancement factor, ¢ is the work function (eV), and E is the
applied electric field in V/um. The inset in Fig. 3 shows the
linear FN behavior, indicating a field emission signature
from the CNT pillar array. The curves (FN plots) show two
linear regions with a knee point in between, one in the low
field region and another in the high field region, which are
denoted by I and II, respectively. The appearance of a
knee point in the FN plots may be due to heating of the CNT
top surface® as well as the rate limiting step for emission”'
in the high field region. Recently, a few experiments have
shown that there is an enhancement in the emission current
with the increase in the CNT substrate (surface)
temperature.22 This phenomenon has been explained in the

o (b)

: .—‘\ J
g ] ‘\\{a]

- 1:5'178'2?0I2!2I2.‘4.2.l(5.2,|3
11E

10 L ) L 1 L& T I t I ' Ll X

03 04 05 06 07 08 09 10

E (V/um)

PRI EETTRTTIT AT TTTTT MRS TTTT BT ATTTT MO TTT ! |

FIG. 3. (Color online) Field emission current density vs electric field for a
vertically aligned CNT pillar array (a) before and (b) after H,+N, plasma
treatment. The inset is the corresponding EN plots
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terms of a change in work function ¢ of the CNTs.” We
have used the value of work function of =5 eV for CNTs to
calculate the field enhancement factor. The estimated field
enhancement factors in the low field region are 6200 and
6900, whereas in the high field region, the values are 8400
and 18 700 for the sample before and after plasma treatment,
respectively. The dramatic increase in the enhancement fac-
tor in the high field region of the FN plot for the plasma
treated sample may be due to protrusion of more CNTs in the
high field.

The enhanced field emission after the plasma treatment
is attributed to the decrease in the pillar density and the
transformation of the pillars into a perfect conical shape with
shortened height. This reduces the screening effect and en-
hances the field amplification factor.® The sharpening of the
pillar tip additionally enhances the field amplification factor
because the geometrical enhancement factor would amplify
highly due to the formation of a sharp conical tip. The
chemical changes may be occurring due to incorporation of
H, and N, in CNTs. The H, incorporation will form the C-H
dipole layer on the CNT surface.'’ The potential drop across
the dipole layer may raise the surface band energy, resulting
in a reduction in the electron affinity and enhance the field
emission property of the CNTs accordingly. The N, doping
may reduce the work function of the CNTs and increase their
metallic character to effectively improve the field emission
property.12

The increase in the I/ ratio indicates the increasing of
the defects in the CNT pillar array after plasma treatment.
Calculation showed that the field enhancement factor of the
body is about 1/125 of the tip with the same radius.” The
emission probability of the electrons at the tip should be
much larger than those at the body due to the geometrical
effect. Both f:xpf:rimental1 and theoretical®® studies have
shown that the tip as well as the defects on the CNTs have
predominant effects on the field emission of the CNTs. Zhou
et al.** showed that for the local emission regions at the tip,
the local density of states peaks on both sides of the Fermi
level, corresponding to the donor and accepter states, result-
ing in a remarkable shift to the Fermi level in comparison to
that of in the body due to the presence of a conventional
topographic defect.

In conclusion, the field emission behaviors of CNT pillar
arrays treated with a plasma of a mixture of H, and N, gases
is investigated systematically. The enhanced field emission
of the array after the treatment is attributed to the physical
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changes in CNT pillar array by plasma treatment such as
enhancement in the geometrical factor due to the conical
shape, reduction in the screening effect, and structural and
chemical changes in the CNTs. Our results indicate that the
plasma treatment described in this letter has enormous po-
tential for the control and manipulation of CNTs and related
nanostructures.
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