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Abstract

We have demonstrated that patterned Cu-multiwalled carbon nanotube (MWCNT)
composite emitters can be fabricated using a unique electrodeposition technique
including a photolithography process. Well-regulated, patterned Cu-MWCNT
composite emitters 50 um in diameter were formed on the conductive substrates. The
MWCNTs were fixed on the patterned composite emitters. The field emission
properties were studied by a diode-type measurement system. The field emission
electric field was relatively low (1.5 V um™ for 1X10” pA c¢m™, 2.5 V um™ for 10
tA cm?). These composite emitters can be expected to be applied in field emission
displays and other field emission devices.



Flat panel displays (FPD) have been one of the driving forces behind the successful
worldwide electronics industry. In particular, liquid crystal displays and plasma
displays have been used for various purposes. The performance of these displays are
currently very good, however, the problem of high power consumption needs to be
resolved from an environment protection perspective. Organic electro-luminescence
displays and field emission displays are expected to be next-generation displays with
lower power consumption. The field emission display is spotlighted due to its superior
display performance, such as fast response time, wide viewing angles, wide
temperature range of operation, ultra-slim features and low power consumption.’?
Many kinds of materials such as semiconductors and high-melting-point metals have
been examined as field emission sources.® Due to their high aspect ratios, chemical
inertness and good electric conductivity, carbon nanotubes®’ have been watched with
keen interest as potential field emission electron sources.®*?

CNT-based field emitters have been fabricated by various methods such as direct
growth®®*®, screen printing,*®*®, electrophoresis,’*?°, and spray deposition.?* The
direct chemical vapor deposition (CVD) growth method can easily control the
alignment, density, diameter and length of CNTs. However, this method is limited by
the scalability of the substrate size and the growth temperature. The screen printing
method can realize large area deposition of CNTs easily, however, a substantial
degradation of emission tips caused by oxygen out-gassed from the organic vehicles
in the paste cannot be avoided. The electrophoresis method has the problem of weak
adhesion. The spray deposition method can achieve large area deposition and can
suppress degradation of emission tips. However, the problem of poor adhesion is a
serious drawback for practical use. Thus, each method has several problems to
overcome. Therefore, fabrication methods for CNT-based field emitters with good
adhesion of CNTs to the substrate, scalability of substrate size, and suppression of
degradation of emission tips are urgently needed. Furthermore, fabrication methods
having the ability to pattern are required for wide use of the field emitters.

In the present study, we demonstrate a unique method for the fabrication of
metal-fixed and patterned CNT field emitters. The fabrication technique utilizes
photolithography and a composite plating.

Experimental

The CNTs used were commercially available (Showa Denko Co. Ltd.) vapor-grown
multiwalled carbon nanotubes (MWCNTSs), obtained via catalyst-assisted CVD,*? and
heat-treated at 2800°C in argon for 30 min. The MWCNTs were typically 100-200 nm
in diameter and 20 pm in length. A salfric copper plating bath (0.85 mol dm™
CuSO, 5H,0 + 0.55 mol dm™ H,S0,) was used as the base bath. The MWCNTs did
not disperse uniformly in the base bath; therefore, homogeneous dispersion of
MWCNTSs was achieved by the addition of a polyacrylic acid (mean molecular weight
5000) dispersant to the base bath with stirring. In the present study, the composition
of the composite plating was 0.85 mol dm™ CuSO,- 5H,0 + 0.55 mol dm™ H,S0, + 2
x107° mol dm™ polyacrylic acid + 2 g dm™ MWCNTs.?#

The novel fabrication method for a patterned Cu-MWOCNT composite emitter is
summarized in Fig.1l. A pure copper substrate was coated with 25 pum of a
negative-type dry film photoresist and then patterned using a photomask with a matrix
of 50 um diameter circles. The Cu-MWCNT composite was electroplated onto the
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substrate under galvanostatic conditions (1 A dm™) with aeration. After electroplating,
the photoresist was stripped using a 4 mass% NaOH aqueous solution, resulting in a
patterned Cu-MWCNT composite emitter. The appearance of the composite emitter
was observed using a field-emission type scanning electron microscope (FE-SEM;
JEOL JSM-7000F). Exclusive sample-preparation equipment (cross-section polisher;
JEOL SM-09010) was used to prepare cross-sectional samples. The MWCNT content
of the composite films was weighed directly. For the weight measurement, thick
Cu-MWCNT composite films (over 8 g in weigh) were electrodeposited. Subsequently,
the copper matrix of the composite films was dissolved in a nitric acid. Then, the
MWCNTSs in the nitric acid solution were filtrated, dried and weighed. The electrical
conductivity of the Cu-MWCNT composite film was measured by a four-terminal
method (a four point prove system) after removal from a stainless substrate.

A diode-type field emission property measurement system (ULVAC CN-EMS30)
was used. The base pressure of the field emission chamber was around 10 Pa. The
patterned composite emitter (size: 1 cm x1 cm) was fixed on a stainless steel cathode
plate. A disk-type stainless steel anode with a facing surface area of 0.785 cm? was
placed parallel to the cathode. The gap between the anode and the surface of the
patterned emitter was 1 mm.

Results and Discussion

Figure 2 shows scanning electron microscopy (SEM) images of the patterned
Cu-MWCNT composite emitter. Each emitter is regularly spaced on the substrate
surface (Fig. 2a). Each composite emitter is 50 um in diameter and 25 um in height
(Fig. 2b). The size is controllable not only in terms of the diameter but also in height,
by varying the mask patterns and electrodeposition conditions such as electrolysis
time and current density. MWCNTSs appear only on the patterned deposits and do not
exist either on the undeposited areas or on the side walls of the patterned deposits (Fig.
2b). MWCNTs are embedded and fixed tightly in the copper matrix and the
MWCNTSs are uncovered (Fig. 2c¢). Figure 2d shows a cross-sectional SEM image of
the Cu-MWCNT composite emitter. The black areas are cross-sections of the
MWCNTs. The MWCNTSs are distributed homogeneously, and no significant voids
and defects are observed.

The MWCNTs content is 0.4 mass%, which is also controllable. The contact
resistance between the MWCNTs and the conductive substrate is very important to
make the field emission strength (i.e., the turn-on field) low. The electrical
conductivity of the Cu-MWCNT composite significantly affects the contact resistance.
The measured value of the electrical conductivity is around 2 uQ cm, which is similar
to that of pure copper. Therefore, the Cu-MWCNT composite emitter can be expected
to show a lower emission electric field compared to other emitters made using other
fabrication methods such as screen printing and spray methods.

Figure 3 shows the relationship between the electric field and the emission current
density for the Cu-MWCNT composite emitters. An apparent increase in the emission
current was observed at around 1.5 V pm™. The Fowler-Nordheim plot corresponding
to Fig. 3 is nearly a straight line (Fig.4); therefore, the measured emission current
must be the field emission current. The value of the field emission electric field (1.5
V um™ at the current density of 110 pA cm™?, 2.5 V um™ at the current density of
10 pA cm®) is relatively low as expected. The current density is around 50 pA cm™ at
an electric field of 3 V um™. This value can be expected to increase by increasing the
MWCNT density on the patterned composite emitters. Moreover the stability of the
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field emitter is very important.” We will also study the stability of the emitter in
future work.

Conclusion

We have demonstrated that patterned Cu-MWCNT composite emitters can be
fabricated. For this we used a unique electrodeposition technique including a
photolithography process. Well-regulated, patterned Cu-MWCNT composite emitters
50 pum in diameter and 25 um in height were formed on the copper substrates. The
MWCNTs were embedded in electrodeposited copper matrix and fixed tightly on the
patterned composite emitters. The field emission properties were studied by a
diode-type measurement system. The field emission electric field was relatively low
(1.5 V um™" at the current density of 1 X10° pA cm™, 2.5 V pm™ at the current
density of 10 pA cm™). The field emission properties are expected to increase by
increasing the MWCNT density on the patterned composite emitters. These composite
emitters can be expected to be applied in field emission displays and other field
emission devices. Furthermore, this fabrication approach represents a very versatile
process to create a wide variety of patterned CNT-metal composite emitters.
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Captions

Figure 1. Schematic illustration of the fabrication procedure of the patterned
Cu-MWCNT composite emitters. A photoresist is laminated and patterned using a
photolithographic technique, followed by the electrodeposition of the Cu-MWCNT
composite. The photoresist is then removed by a stripper, resulting in patterned
Cu-MWCNT composite emitters.

Figure 2. SEM images of patterned Cu-MWCNT composite emitters. (a) low
magnification; (b) the features of a Cu-MWCNT composite emitter; (c¢) surface
morphology of an emitter; (d) cross-sectional image of an emitter.

Figure 3. The relationship between electric field and emission current density of the
patterned Cu-0.4mass%MWCNT composite emitters.

Figure 4. F-N plot corresponding to Fig.3.
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