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ield emission from an individual car-

bon nanotube (CNT)" and a thin film

CNT? discovered in the mid-90s has
spurred development of CNT emitters for
applications in field emission display,>~>
X-ray sources,%” microwave amplifier,2 and
high-resolution electron beam instru-
ments.’® Planar CNT emitters fabricated by
screen printing and chemical vapor deposi-
tion have drawn interest for practical appli-
cation in field emission display.>''~'3 Point
emitters, in general, are preferred for appli-
cations in X-ray sources and electron beam
instruments because of a small spot size for
electron emission''> and field emission
properties better than those of planar emit-
ters due to the high aspect ratio of the
point emitter. It is, however, more difficult
to fabricate a well-defined structure of the
point emitters than the planar ones.

Two types of fabrication techniques are
usually used for the point emitter, direct
and indirect. In the direct method, CNTs are
grown at the point where a catalyst is
placed by chemical vapor deposition.'s"
The direct method requires selective depo-
sition of catalyst and high temperature
heating for growing the CNTs. In this
method, it is difficult to control the length
and vertical alignment of grown CNTs. The
indirect methods involve transfer of pre-
formed CNTs onto a sharpened or pointed
substrate. These include glue method,
dielectrophoresis,'® 2% and spinning
technique.?’2 In the glue method, as-
grown CNTs can be manually attached to
the substrate that is coated with adhesive
material by trial and error. Dielectrophore-
sis utilizes the interaction between external
electric field and the induced dipole mo-
ment of CNTs suspended in a solution. How-
ever, it is difficult to attach a single CNT or
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ABSTRACT An isolated structure emitter is presented that can deliver a field emission better than 10 mA, a

level that is by far the highest ever reported. A composite of CNT (carbon nanotube) and WO; is used to grow the

point emitter by a crystal-like growth technique. The head of the grown needle that is the emitter is removed by

electric discharge machining (EDM). The EDM treatment not only controls the length of the emitter as desired but

also makes the tip of the emitter uniform. The thermal heat due to EDM treatment leads to the formation of a

tungsten carbide phase, which results in a 3 orders of magnitude reduction in contact resistance. The point emitter

is robust in its stability, as evidenced by its on-time resilience against a severe bias test.

KEYWORDS: field emission -

emitter - metal oxide/CNT composite - electric

discharge machining - crystal-like growth technique

a few CNTs that are vertically aligned on a
substrate. The macroscopic CNT point emit-
ter fabricated by the spinning technique
utilizes multiwalled carbon nanotube
(MWNT) yarn. This method also requires an
adhesive and manual manipulation. Both
direct and indirect methods lead to a CNT
point emitter that is poor in electrical con-
tact and weak in the mechanical strength
between substrate and CNT structure.
These problems result in a poor emitter per-
formance and poor emitter stability with
time.

In this work, we present an isolated
structure emitter made of a WO3/CNT com-
posite that produces a current larger than
10 mA, which exceeds the highest level ever
reported (3 mA) by a wide margin, and yet
maintains its robustness in terms of long-
term stability.?* The fabrication involves two
distinct steps of growing a macroscopic
CNT composite emitter followed by electri-
cal discharge machining (EDM) treatment of
the grown emitter. For the growth, a crystal-
like growth technique?* is utilized. The EDM
treatment is used to control the emitter
length and endow the treated emitter with
highly desirable properties for the field
emission.
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Figure 1. Schematic of the procedure for fabricating a one-dimensional WO3/CNT composite structure by crystal-like growth:
(a) immersing tungsten tip into stable CNT suspension and electrolyte in DMF and beginning electroplating with bias ap-
plied between W tip and counter electrode, (b) pulling up the WO3/CNT composite from the solution at a faster rate to fin-
ish the growth, (c) contacting the WOs/CNT composite on Teflon substrate to avoid curling effect. (d) Drying of solvent for the
condensed WO;/CNT composite, resulting in a vertically aligned composite emitter. The bottom row frames show the digi-
tal snapshots of each step of the procedure.

RESULTS AND DISCUSSION

Shown in Figure 1 is a schematic of the procedure in-
volved in the fabrication of the WO;/CNT composite
with nonaqueous electrolyte (Experimental Section).
The bottom frames show actual optical pictures of the
fabrication steps. As shown in Figure 1a, a sharpened
tungsten tip is immersed into the electrolyte solution,
which is CNT and sodium tungstate dissolved in DMF
solvent for the WO3/CNT composite being fabricated. In
the schematic, the red dots are WO,%~ ions, and dark
straight lines represent CNTs. Upon applying bias to the
tungsten anode with the container bottom grounded,
negatively charged CNTs that are acid-treated gather
around the anode along with the WO,?~ ions. After
electroplating for 5 min with constant current of 1 mA,
the electrode is pulled up at a speed of 0.3 mm/min
with a column of the solution of CNTs and W04~ cling-
ing to the tungsten tip. The bias is still on during the
pulling. After the desired length of the macroscopic
one-dimensional WO3/CNT composite is reached, the
electrode is quickly pulled up to complete the electro-
plating, as shown in Figure 1b. The tip of the withdrawn
WO3/CNT column is carefully placed on a Teflon plate
and is made to touch its surface. As shown in Figure 1d,
the solvent in the exposed column of solution evapo-
rates, leading eventually to the formation of a con-
densed macroscopic one-dimensional CNT structure
having a diameter of about 20 um. Without the con-
tact process, the composite emitter eventually curls due
to inhomogeneous evaporation of solvent from the sur-
face of the column. Therefore, the contact that me-
chanically constrains the free end of the column is a
key to vertically aligning the composite along the axis
of the tungsten tip. Finally, the composite emitter is in-
troduced into the furnace and then heated to 600 °C

@NA!N[() VOL.5 = NO.1 = KIM ET AL.

in nitrogen ambient atmosphere to remove residual
solvent.

Figure 2b shows the macroscopic one-dimensional
CNT composite emitter 2 mm long and 20 um in diam-
eter that was fabricated at a current level of 1 mA. The
magnified scanning electron microscopy (SEM) image

a wire tool

) >
Arc discharge
©) |
(+)
1kQ

(
80V.

— 150 pF
T[AW

Nail head shape

Figure 2. (a) Schematic of the EDM treatment. The applied
voltage was 80 V (dc). (b) SEM (scanning electron micros-
copy) image of whole feature of the WO3;/CNT composite
emitter. The insets show magnified SEM micrographs of
well-aligned SWNT bundles along the axis of the composite
emitter. (c) Optical image of the WOs/CNT composite emitter
with nail head shape and EDM wire tool with a diameter of
0.3 mm before EDM treatment. (d) Optical image of the emit-
ter with the nail head removed by EDM treatment. (e,f) SEM
images before and after EDM treatment, respectively.
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of the structure in the inset of Figure 2b reveals the out-
side texture that appears to be cylindrical cords bound
together in the direction of growth, which are some-
what interwoven. The alignment is a result of the sur-
face tension of the solution exerted on the WOs/CNT
composite network that was generated by electroplat-
ing and by the upward movement of the electrode.

The shape of the tip that results after the drying re-
sembles a nail head, as the magnified SEM image of Fig-
ure 2e shows. The nail head results from a pinning ef-
fect® that was generated by capillary flow in which the
contact line of the drying column on the Teflon plate
is replenished by solvent from the interior as the sol-
vent evaporates from the edge. The resulting outflow
of solvent carries dispersed WOs/CNT nanomaterials to
the edge. For a point emitter, the nail head shape at the
tip of the composite emitter is not desirable because it
is difficult to obtain reproducible field emission proper-
ties, and the thin nail head is vulnerable to degrada-
tion in high current field emission.

Electrical discharge machining (EDM) technique
was used to remove the undesirable nail head. Electri-
cal discharge can take place when a voltage is applied
between a conductive tool electrode and a conductive
material placed in a dielectric fluid. When the distance
between the two conductors becomes small enough,
the dielectric fluid breaks down, causing an electric dis-
charge between them. The high frequency sparks cre-
ate a very high temperature at localized spots on the
electrodes. The material then melts and evaporates.
Since EDM is basically a thermal machining process,
any conductive material can be machined regardless
of its mechanical strength.?6?” A schematic of EDM
treatment is shown in Figure 2a. The composite emit-
ter, with a length of 2 mm and a diameter of 20 um, was
machined by a one directional moving wire tool that is
0.3 mm in diameter. The feed rate was set at 2 pm/s,
which was slow enough to prevent a short between the
composite emitter and the wire tool. The EDM treat-
ment was conducted in air to prevent the composite
emitter from being contaminated or damaged in a di-
electric fluid, such as kerosene, which is generally used
in the EDM process. The sequence of the nail head be-
ing removed is clearly shown in the images of EDM
treatment shown in Figure 2c—f.

The EDM process, in general, can raise the tempera-
ture to a range of 8000—12 000 °C.28 This high temper-
ature spark can have a significant impact on the crystal-
linity of the composite emitter. For the examination,
Raman spectroscopy based on a micro-Raman system
(JY-Horiba, LabRam 300) was employed with 647 nm
line of CW Kr ion laser (Coherent, Innova 300C) excita-
tion source. The peak at 1583 cm™' (G band) in the Ra-
man spectrum is associated with the hexagonal lattice
of graphite, while the peak at 1355 cm™' (D band) indi-
cates the level of carbon disorder. The intensity ratio
of Ip to g is an indicator of CNT crystallinity. When the

www.acsnano.org

composite emitter (1 mm long) in Figure 3a was sub-
jected to EDM, the intensity ratio of 0.07678, 0.07953,
and 0.06489 corresponding to the column tip, middle,
and bottom, respectively, increased to 0.808, 0.1927,
and 0.5397 after the EDM treatment. These ratios indi-
cate that the EDM process damaged the composite
structure. The CNTs in the tip part of the emitter were
subjected to a very high temperature and evaporated.
As a result, the ratio increased dramatically. Similar con-
clusion could be drawn with regard to the crystallinity
at the other positions of the middle and bottom of the
emitter column. An interesting outcome of the treat-
ment is that the ratio at the bottom became larger than
that at the middle after the treatment.

The anomaly at the bottom position could be ex-
plained by the high current of 7 A that passed through
the composite emitter during the arc discharge. The
current-induced Joule heating that could cause the dis-
ordering must be much more extensive at the bottom
than at the middle because of the presence of the inter-
face between the tungsten tip and the composite,
which apparently led to a large ratio at the bottom.

The total resistance of the emitter consists of three
resistances in series: tungsten resistance, composite re-
sistance, and the resistance at the W—composite inter-
face. Its value as determined by a two-terminal probe
station was 48 k(), while that of the composite was
6.58() (p = 7.58X 10~* Qlcm) before the EDM treat-
ment. We were pleasantly surprised to find that the to-
tal resistance was reduced to 70 () from 48 k() after the
EDM treatment, almost a 3 orders of magnitude reduc-
tion in the resistance. To probe reasons for the drastic
reduction in the total resistance, individual resistances
making up the total were measured. Tungsten resis-
tance remained almost the same at around 1.2 Q) re-
gardless of the treatment. The emitter resistance in-
creased to 32 from 6.58 () due to the treatment, as
given in Figure 3e. Since the two resistances together
with the interfacial resistance make up the total resis-
tance, the interfacial resistance before and after EDM
treatment can be calculated to be 47.8 k() before and
36.5 () after the treatment.

A recent study?**° sheds light on a plausible cause
for the tremendous reduction in the interfacial resis-
tance. Because of a very high level of Joule heating
caused by the arc discharge, tungsten could be in a lig-
uid state and carbon in the CNT could diffuse into the
molten tungsten, eventually forming a WC phase. It is
well-known that tungsten carbide is a good conduc-
tor.? To confirm the carbide formation, X-ray photolu-
minescence spectroscopy (XPS) was carried out. The
spectra before and after the treatment are shown in the
top and bottom part of Figure 3f, respectively. The
lower part reveals (C 1s) the peak, and its deconvolu-
tion clearly indicates the presence of C—W bonding.
The binding energy at 283.5 eV agrees with that re-
ported for tungsten carbide.3'3?
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Figure 3. (a) WO3/CNT composite emitter after removal of the nail head. (b,d) Raman spectrum based on the location of the
composite emitter of two cases, before EDM and after EMD treatment. (e) Graph shows the change of the resistance of the
composite, which consists of three resistance components: resistance of W tip, that of the composite and the contact or in-
terface resistance between the W tip and the composite. (f) Deconvoluted carbon XPS spectra of the junction between CNT
composite and W tip. Top and bottom graphs show the spectra before and after EDM treatment, respectively.

The field emission characteristics of these compos-
ite emitters were measured using point-plane configu-
ration in a vacuum chamber at a base pressure of 2.0 X
107 Torr. As shown in Figure 4a, the field emission cur-
rent of the EDM-treated composite emitter reached
the maximum level of 10 mA that is allowed by our dc
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(a) Limit of field emission measurement
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power equipment and a threshold field less than 0.6
V/pum. We believe that the lower threshold field can be
attributed to a high aspect ratio of the EDM-treated
composite emitter with a diameter of 20 um and a
length of 1 mm. This aspect ratio of the emitter is high
enough to overcome the screen effect felt by individual
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Figure 4. (a) I-V plots of pristine and EDM-treated emitters. (b) Fowler—Nordheim plots of field emission characteristics

(I-V plot).
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Figure 5. Field emission characteristics of composite emitters measured with point-plane configuration at base pressure of
2 x 1077 Torr. (a,b) Current—voltage tests without and with EDM treatment; nth stability test was carried out between nth
and (n+1)th current—voltage test. (c,d) Field emission stability of pristine and EDM-treated emitters, respectively. Boldface
numbers and the numbers in the round bracket indicate applied electric field during stability test and the electric field which

is required to obtain initial current level after the stability test.

nanotubes in the emitter. It has been shown,'? for in-
stance, that macroscopic turn-on electric field de-
creases as the length of CNTs is increased.

Judging from the robustness of the current—electric
field curve at the maximum allowed 10 mA, which con-
trasts the typical behavior around the breakdown field
as revealed by the same curve for the emitter without
the treatment or pristine emitter at 6 mA, the emission
current would have reached more than 10 mA had the
dc equipment been one that could provide a current
level higher than 10 mA. Even the current level reached
by the pristine composite emitter before breakdown is
higher than any reported in the literature.’”® 2373 The
incredibly high current level of better than 10 mA of
the EDM-treated emitter could be attributed to uniform
geometric length of individual CNTs in the composite,
large aspect ratio, high conductivity of the composite,
and low contact resistance between W and the com-
posite emitter.

Fowler—Nordheim plots are given in Figure 4b for
both EDM-treated emitter and nontreated (pristine)
emitter. The emission obeys the Fowler—Nordheim re-
lationship in the low field region but deviates from the
linearity in the high field region. A discussion on the
nonlinearity can be found in Figure S1 (Supporting In-
formation).

The stability of field emission is of practical interest
at high current since the emitter can easily be dam-
aged due to evaporation of CNTs by Joule heating and
ion bombardment of residual gases. A severe stability
test was conducted in which the emitter field was main-
tained constant at the level corresponding to 1 mA for
10 h, after which the level was increased to 2 mA for an-
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other 10 h. This procedure was repeated for 3 and 4
mA for the pristine emitter but one more step up to 5
mA for the EDM-treated emitter. Initially, and each time
the current was increased by 1 mA, the current—electric
field characteristics were also obtained and the results
are given in Figure 5a,b for pristine and treated emitter,
respectively. As shown in Figure 5c for pristine emitter,
the current becomes jagged with time and the jagged-
ness gets worse as the current level is increased. For
the EDM-treated emitter shown in Figure 5d, it is appar-
ent that the current decreases monotonically with little
fluctuation, showing its stability with on-time. The emis-
sion current density of 5 mA corresponds to approxi-
mately 1590 A cm 2 since the emitter diameter is about
20 pm, as shown in Figure 2b. As a result of EDM treat-
ment, in general, the threshold field decreases and the
field enhancement factor increases (see Figure S2 of
Supporting Information). We believe that the excellent
field emission properties of the WO3/CNT emitter re-
sulted from a lower contact resistance between the CNT
emitter and tungsten tip substrate through the forma-
tion of tungsten carbide. We also believe that WO;
played the role of an electron acceptor, resulting in a
lower resistance of CNT emitter itself.?* These factors
contributed to the enhancement of field emission
properties.

CONCLUSIONS

In summary, an isolated structure emitter has been
presented for field emission that can deliver a current
higher than 10 mA, which is by far the highest ever re-
ported in the literature. The emitter has been shown to
be robust and stable at high currents. The emitter
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needle was grown by a crystal-like growth technique.
The “nail head” that forms during the drying of the
grown needle was removed by EDM. This cutting of
the nail head leads to uniform geometric length of CNTs
in the composite emitter, which contributed to the sta-
bility of the field emission. More importantly, the EDM
treatment results in a dramatic decrease in the contact
resistance between tungsten tip and the composite.

EXPERIMENTAL SECTION

Preparation of CNT Colloidal Solution Based on Nonaqueous Electrolyte
and Sharpened Tungsten Tip. First of all, purified SWNT powder was
prepared by filtering out wet acid treated CNTs (ASP-100F, Han-
wha Nanotech Corp.), which were synthesized by arc discharge
method. Then sodium tungstate (Na,WQO, - 2H,0, Aldrich) and
the purified SWNT powder were mixed with 0.1 mg/mL, respec-
tively. The solution was continuously sonicated for 10 h. CNT col-
loidal solution based nonaqueous electrolyte was filled in a Tef-
lon vessel which has a diameter of 3 mm and a depth of 5 mm,
and a counter electrode was placed on the bottom of the vessel.
Meanwhile, a tungsten (The Nilaco Corporation, Japan) wire
was electrochemically etched in KOH solution (1.5M) with an ap-
plied voltage of 30 V. Then we obtained a sharpened tungsten
tip with the tip radius of curvature of 250 nm.

Electroplating System. The tungsten tip was immersed into the
CNT colloidal solution in a container. The counter lectrode was
placed in the bottom of the container. We carried out electro-
plating with Keithley 6220 Precision Current Source, which pro-
vided the tungsten tip and the counter electrode with a constant
current ranging from 2 nA to 100 mA.

Electric Discharge Machining. Kerosene and deionized water are
generally used as working fluids in the EDM process. The work-
ing fluid must be continuously replenished at the machining gap
between the electrode and the workpiece. In this study, how-
ever, EDM process was performed in the air without replenish-
ing to avoid the damage and contamination of the composite
emitter. The X—Y stage of the machining moves a workpiece and
an electrode tool runs on the Z-axis with 0.1 wm resolution. The
electrode was used by brass with a diameter of 300 pm.

X-ray Photoluminescence Spectroscopy. XPS spectra of tungsten ox-
ide were measured using Sigma Probe (Thermo VG, U. K.) with
Al Ka radiation. The binding energies of C 1s peaks were mea-
sured from 280 to 290 eV with a step of 0.1 eV, and the duration
of one channel was 0.1 s.

Raman Spectroscopy. Micro-Raman system (JY-Horiba, LabRam
300) used a collimated 50X objective lens (Olympus, NA 0.75).
This system is equipped with a thermoelectrically cooled charge-
coupled device (CCD) detector, and the signal was obtained by
180° backscattering geometry. The 647 nm line of CW Kr ion la-
ser (Coherent, Innova 300C) was used as a Raman excitation
source.
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This reduction has been found to be linked to the for-
mation of tungsten carbide during the treatment that is
a good conductor. As a result, we obtained the best of
CNT point emitter in the world with high current and
long-term stability. Therefore, we suggest that our WO/
CNT composite emitter will be excellent candidate for
high-performance X-ray source and electron beam
instrument.

Figure 5a,b. This material is available free of charge via the Inter-
net at http://pubs.acs.org.
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