We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

6,900 185,000 200M

ailable International authors and editors Downloads

among the

154 TOP 1% 12.2%

Countries deliv most cited s Contributors from top 500 universities

Sa
S

BOOK
CITATION
INDEX

Selection of our books indexed in the Book Citation Index
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us?
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected.
For more information visit www.intechopen.com

Y



6

Research and Application of CNT
Composite Electroplating

Guifu Ding, Yan Wang, Min Deng, Xuemei Cui,

Huiqing Wu and Lida Zhu

National Key Laboratory of Nano/Micro Fabrication Technology

Key laboratory for thin film and microfabrication of Ministry of Education
Institute of Micro and Nano Science and Technology

Shanghai Jiao Tong University

P. R. China

1. Introduction

Carbon nanotubes (CNTs)[1] are one of the most exciting new materials, which possess
excellent mechanical properties as well as thermal and electrical characteristics. The Young's
modules of CNTs have an order of 1TPa [2, 3], which is much higher than that of the glass
fibers (70GP) and most of the other material. Direct measurement on individual nanotubes
using atomic force microscopy shows that CNTs can accommodate extreme deformation
without fracture [4]. Besides, CNTs are excellent conductors and possess high thermal
conductivity.

Many of the remarkable properties of CNTs are established well now [5-8], and their
exploitation in a wide range of applications forms a major part of current research and
development efforts[9,10]. One of the challenges is to tackle the problem of manipulating
CNTs, individually or collectively, to produce a particular arrangement needed for a given
application. Moreover, if CNTs are be combined with metal materials to form composites, it
is generally important to develop processing methods that disperses the CNTs
homogeneously in the metallic matrix

However, it is difficult to make CNTs dispersed uniformly in the metal-matrix. According to
Dujardin's report [11], the pure metals would not easily wet the surface of CNTs for their
surface tension out of a cut-off limit between 100 and 200mN/m. Therefore, traditional
techniques such as powder metallurgic process would bring formidable technical hurdles to
prepare high quality metal matrix CNTs composites, which ascribed to the low strength
interfacial adhesion [12, 13].

CNT composite electroplating (CCE) is one of the most important techniques for preparing
CNT composite films, because no melting and solidification of metal matrix are induced.
The interest in the CCE is driven not only by its applicability to a great variety of metal
materials but also by its simplicity. CCE is a cost-effective method usually requiring simple
equipment as well as being amenable to scaling-up to large dimensions. In addition, the
CCE can be integrated with the micro-electro-mechanical systems (MEMS) [14]. The metal
matrix CNTs composite films can be processed to be various micro-scale structures for
MEMS devices such as field emission cathodes and electronic contacts [15].
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82 Carbon Nanotubes - From Research to Applications

In this study, we consider the following contents including preparation of metal/CNT
composite using CCE (Section 2), Fabrication of Ni-matrix CNT field emitters using CCE
(Section3), Cu/ CNT contact material prepared by CCE (Section 4) and CNT field emission
micro-cathode arrays fabrication (Section 5). Finally, the potential applications of the
resulting CNT structures and the scope for future work are highlighted in Sections6 and 7.

2. Preparation of metal/CNT composite using CCE

The most critical problem in preparation of excellent metal/CNT composite film is
achievement of a homogenous stable dispersion of CNTs in the plating bath [16].

The influences of cathode-current density plating PH value CNTs concentration in plating
bath and agitation mode on the dispersion of CNTs in the metal matrix are discussed in this
chapter.

As-produced CNTs are intrinsically inert, often aggregated or entangled, and may contain
impurities such as amorphous carbon or catalytic metal particles [17-19]. The amorphous
carbon or catalytic metal and all other impurity particles coated on the CNTs will influence
the dispersion interface bonding and other electrical, mechanical properties of CNTs in the
composite.

Fig.1 shows the schematic diagram of CCE.In the CCE process, adequate CNTs must be
conveyed to the cathode surface and embedded in metals through diffusion layer in order to
obtain composite coating with moderate CNT content. In the meantime, if CNTs are
embedded in the form of aggregation, which will hamper the complement of metal cationic
and metal deposition process because of the small clearances formed among CNTs. These
will also cause the organization osteoporosis of coating structure and deteriorate the
performances. Therefore, adequate amounts of CNTs must be added in the plating for good
dispersion degree.

cathode DC
1 - anode

— OCNT © metal ions

Fig. 1. Schematic diagram of CCE.

www.intechopen.com



Research and Application of CNT Composite Electroplating 83

In this study, it mainly utilize the mechanical ball mill oxidation processing adding additive
and ultrasonic agitation processing to improve suspension stability of CNTs in the
electroplating bath.

Long CNTs are more easily aggregated or entangled than shorter CNTs. Mechanical ball
mill are often utilized to cut and disperse aggregated CNTs. Fig.2 shows the SEM images of
the CNTs composite coatings with the CNTs before (Fig.2A) and after (Fig.2B) ball milling
treatment . As can be seen from the images, the mechanical ball milling can effectively
improve the dispersibility of the CNTs in the matrix.

Fig. 2. SEM image of the CNTs composite coatings with the CNTs before (Fig.2A) and after
(Fig.2B) ball milling treatment

The purification processes that have been investigated usually utilise the differences in the
aspect ratio [20] and oxidation rate between CNTs and impurities [21, 22]. A typical strategy
is to use thermal oxidation, then acid reflux in concentrated HCl, and finally a thermal
annealing treatment to purify the raw material; a surfactant can subsequently be used to
disperse CNTs using sonication [23]. In this study, the CNTs were used after being boiled in
potassium hydroxide molten for 5 h and concentrated sulfuric acid for 21h. The CNTs were
oxidated in concentrated acid in purification, which reduces the aggregation of the CNTs
and enhances their chemical stability in solution. The chemical processing after the CNTs
surface defective parts are grafted the hydroxyl and carboxyl group. These ion dissociation
increases the negative charge of the CNT surface and strengthens the stability of CNTs
suspension.

Fig.3 shows the images of the CNTs before and after being treated by concentrated sulfuric
acid. As can be seen from the image, Severe aggregation and tangling exist in the original
CNTs (Fig.3A,B) compared with the treated CNTs (Fig.3C,D). In order to validate the
existence of the functional groups on the CNTs after being handled by concentrated sulfuric
acid, we tried to graft FesO4 particles on the CINs by the covalent bond linked. In high
resolution electron microscopy, we can see that Fe3Oy particles are successfully grafted and
uniform disperse on the CNTs (Fig3.D). It is confirmed that there are abundant covalent
bond functional groups on the pretreated CNTs.

Besides the chemical pretreatment, adding additive such as ethanol[24], Polyacrylic
acid(PA5000), n-pentanol [25], Dodecyl sulfonic acid sodium, tetrahydrofuran (THF) [26-
28], dimethly formamide (DMF) [29,30] and deionised water with pyrrole [46,47] is an
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L~ - AT N
Fig. 3. The SEM (A) and TEM (B) images of the original CNTs and the SEM images of the
CNTs after treatment of purification (C) and grafting of Fe;O4 (D)

another effective way to raise the CNT dispersion degree in plating bath. In this study, As a
conventional bright additive, the molecular weight of 5,000 polyacrylic acid (PA) was added to
disperse the CNTs. Though polycyclic acid is a high-performance polymer surfactant,
dispersion effect of this low molecular surfactant is small because of its simple molecular
structure and small molecular weight. Therefore, in order to achieve the ideal dispersion,
increasing the dosage of the low molecular surfactant would be an effective way. The
dispersiveability polymer surfactant is better than the low molecular surfactant due to long
high molecular chain big molecular weightmore kiss water-based and dredging water-based.
The dispersity of the CNTs in water-based solution is determined using the HPPS
nanometer particle size analyzer. Figure 4 shows that the untreated CNTs disperse poorly in
the water-based solution. The sizes of the reunion things are in the range from 990nm to
5800nm. After being treated, the sizes of the reunion things fell to the range from 360nm to
1750nm. The dispersity of the CNTs in the water-based solution was impoved.

In addition, ultrasonic agitation processing was utilized in the CCE progress to improve the
dispersity of the CNTs in the composite film. Figure 5 shows the growth processes of the
metal/CNT composite films prepared by CCE with ultrasonic agitation. The growth
mechanism of the metal/CNT film will be changed when the ultrasonic agitation is applied.
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Fig. 4. The granularity dispersion curves of the CNTs in the water-based solution, (a)
original CNT; (b) CNT after being treated; (b) after being added bright additive.
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Initially, because the CNT aggregates with bigger size will suffer larger impulse force from
the electroplate liquid; the CNT aggregates with bigger size are more difficult to be
absorbed on the cathode compared with the single CNTs. When the CNT aggregates
absorbed on the cathode are washed off, the single CNTs which combine firmly with the
substrate would be left on the surface of the composite film. As illustrated in Fig.5(b), the
diffusion layer is compressed under the effect of ultrasonic agitation, the agitation further
prevent the aggregates from being captured by the cathode and embedded into the
composite coating. Moreover, the relatively long single CNTs which metal grains deposit on
them may also be pulled out from the metal matrix because of their bigger size and heavier
weight compared with other CNTs. For the same reason, the bigger metal grains will be
pulled off from the surface of the CNTs too when the combination between the metal grains
and the CNT are not enough firm. Finally, the single CNTs are embedded into the metal
matrix with the deposit of metal on the cathode and a compact and smooth metal/CNT
composite is obtained as a result.
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Fig. 5. The growth process of metal/ CNT composite films prepared by CCE with ultrasonic
agitation. (a) CNT aggregates are absorbed on the substrate. (b) Desorption of the CNT
aggregates under ultrasonic agitation. (c) CNTs with metal particles deposited on them are
pulled off from the composite film. (d) Single CNT is embedded into the CCE.

Figure 6 shows the SEM images of Ni/CNT composite films prepared by CCE and CCE
with ultrasonic agitation. Figure 6 (a) shows the SEM image of Ni/CNT composite films
prepared by CCE with electromagnetic stirring and their higher magnification are shown in
Fig.6 (b) and(c). It is easy to find that there are a lot of spherical Ni grains are deposited on
the CNTs with a diameter from several nanometers to about 700nm.The CNTs accumulate
on the cathode, and most of them incorporated into the composite films in the form of
aggregates. The CNT aggregates are wrapped by numberless Ni grains. A rough and
uneven composite film is formed. Figure 6 (d) shows the SEM image of Ni/ CNT composite
films prepared by CCE with ultrasonic agitation and their higher magnification SEM images
are shown in Fig.6 (e) and (f). From these SEM images, we see that a compact and smooth
Ni/CNT composite film has been obtained by CCE with ultrasonic agitation. The CNTs are
dispersed homogeneously in the Ni matrix, and most of CNTs incorporated into the
composite film in the form of single CNTs without beads-shaped structure is observed.

3. Fabrication of Ni-matrix CNT field emitters by CCE

Electron field emitters based on CNTs are currently being investigated as next-generation
cold cathode materials [33-35]. Compared with other field emitters such as spindt-type and
silicon field emitter arrays, CNTs possess the advantages of very high aspect ratio, small
radius of curvature, lack of vacuum-arcing, low sputter yield, chemical inertness, thermal
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Fig. 6. The SEM images of Ni/ CNT composite films prepared with CCE: (a) Ni/CNT
composite film prepared without using ultrasonic agitation, (b) is the enlarge image
corresponding to (a);(d) Ni/ CNT composite film prepared with ultrasonic agitation ;(c)are
the enlarge images corresponding to (d).

stability and low work function of electron tunneling [36]. CNT field emission cold cathodes
have a potential to be applied to emission devices which include flat panel field emission
displays, cathode ray tubes, backlights for liquid crystal displays, outdoor displays and
traffic signals [37-40].In order to function as good field emitters, CNTs should have good
crystallinity, a clean surface, and good electrical contact with the substrate. Considerable
effort has been made to develop various methods in fabricating CNT field emitters [41-
47]. These methods can be categorized into two fundamental types - direct growth and the
screen-printing. Each method has certain advantages and disadvantages. For example, the
direct growth is of high efficiency for controlling the CNT alignment, density, and length.
However, the preparing method has the following three disadvantages: (1) Due to the self-
assembling nature of the CNT synthesis process, it is still difficult to control the length of
CNT. Therefore, the distance between the CNT tips and the gate may not be accurately
controlled; (2) The adhesion of the CNTs which are catalytically grown on the substrates is
often not strong enough to survive the mechanical shaking involved in the fabrication
processes;(3) The high temperature condition (800~1000 °C) which may damage some glass
substrates is obligatory for this method. In the screen printing, large area field emitters can
be fabricated in lower cost. However, for such emitters, the density and heights of CNTs
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Table 1 shows several succefully plating bath composition and process conditions for CCE
in our present research.

Metgl Solution components | Content Electroplating conditions
matixs
CuSO,4 5H,0 30g/L Operating temperature : 20+1°C;
H2504(98%) 76g/L PH;LZ
Cathode-current
Cu MHT Iml/L density : 0.1~1A/dm?2 ;
PAS5000 3ml/L Ultrasonic agitation ;
MWCNTS 4g /1. Anode: pure Cu plate
ZnSO4 7H20 110g/L Operating temperature : 20+1;
Na2 SO4 21g/L PH 5.0
Cathode-current
Zn CH3COONa 20mL/L density : 0.9~1.2A/dm2 ;
MWCNTSs 2¢/L Ultrasonic agitation ;
Anode: pure Zn plate
KAg(CN)2:H 80g/L Operating temperature : 25+1°C ;
30KCNS 150~250g/L | PH 438
Cathode-current density
Ag KCl g/ L 05~1A/dm2 ;
MWCNTs 4e/L Ultrasonic agitation ;
Anode: Pt plate
Amino-sulfonic 400 g/L
nickel
Chlorinated nickel 10g/L
Boric acid 15g/L
Operating temperature : 25+1°C ;
Dodecyl sulfonic acid | 0.05g/L PH : 4.46 ;
Ni sodium Cathode-current density :1A/dm? ;
Ultrasonic agitation ;
MHT 4ml/L Anode: pure Ni plate
Dodecyl sulfonic acid | 0.05g/L
sodium
Polyacrylic acid 6~8 ml/L
(PA5000)
MWCNTs 2g/L

Table 1. Several succefully plating bath composition for CCE in our present research
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were random and the turn-on voltage may not be a characteristic of average CNTs but of
early igniting CNTs instead. In addition, direct growth and screen printing may cause the
tubes be contaminated with some impurities, like metallic catalyst particles, amorphous
carbon or organic residues which can introduce further defects into the CNTs during their
removal [48, 49]. If all the advantages in both methods are combined and all disadvantages
are eliminated, a CNT field emitter with good properties can be fabricated.

In this study, we propose a novel method of fabricating a Ni-matrix CNT (NMCNT) field
emitters using CCE and micromachining (CEMM) at room temperature. Pretreated multi-
walled CNT and Ni are deposited onto a Cr/Cu conducting layer by CCE; subsequently,
protruding tips of CNTs are obtained by etching away a layer of Ni as emitters, followed
by emitter pixels being formed by micromachining. This method is not only relatively
simple in fabrication process, but also combine advantages of direct growth and screen
printing. The NMCNT field emitters we fabricated shows relatively good field-emission
properties and stability. It is believed that this is the first report of NMCNT field emitters
fabricated by CEMM and the investigation may be helpful to CNT cathodes wide
application for industry.

3.1 Experiment

Referring to Fig.7, the fabrication process is described as follows:

1. Cr/Cu (30/50 nm) is deposited on a glass substrate as the conducting layer by
sputtering.

2. Photoresist spin coating and photolithography are per-formed to form emitter pixels.

3. The CNT and Ni composite film is deposited on Cr/Cu conducting layer by CCE (the
reason for choosing Ni as the basement is its resistance to corrosion). Initially, the multi-
walled CNTs with tube diameters ranging from 20 to 40 nm are boiled in potassium
hydroxide molten for 5 h and concentrated sulfuric acid for 21 h in order to obtain pure
and dispersed emitting materials. Then, the pretreated CNTs are added into Ni
electroplating solution, and the solution is sonicated at 21 kHz for 3 h to produce a
homogeneous suspension. Finally, the CNT and Ni composite films are deposited on
the Cr/Cu conducting layer by composite electroplating using the CNT suspension.

4. The CNT and Ni composite film is polished by polisher to form a flat surface
(roughness Ra < 0.2 Im).

5. Alayer of Ni is etched away from the CNT and Ni composite film with a flat surface to
obtain protruding tips of CNTs as emitters by wet chemical etching, the etching depth is
carefully controlled by etching time in order to keep the roots of CNTs still remain in
the metal matrix.

6. Photoresist spin coating and photolithography are performed to protect those CNT
arrays used as field emitters in the process of reactive ion etching (RIE).

7.  Removing the photoresist after RIE of CNTs not used as field emitters.

All experimental steps stated above in (1)-(7) are completed at room temperature. A

scanning electron microscope (SEM, JSM-6700F of JEOL Company) is used to analyze the

surface morphology of NMCNT field emitters.

3.2 Results and discussion
Figure 8 shows a series of SEM images of NMCNT emitters with different amplified factor.
It can be seen that the cathodes with a flat surface were covered with dispersed CNTs (see
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Composite filn Photoresist Seedlayer  Substrate
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Fig. 7. The fabrication process of NMCNT emitters:(1) sputtering Cr/Cu (30/50nm)
conducting layer on a glass substrate, (2) photolithography of NMCNT emitter pixels, (3)
CCE of the CNT and Ni composite film, (4) polishing of the surface of CNT and Ni
composite film, (5) wet chemical etching of Ni layer, (6) photolithography of NMCNT
emitter arrays, (7) removing the photoresist after RIE of CNTs not used as field emitters.
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Fig.8a and b), the roots of CNTs were firmly embedded in the cathode and no contamination
was induced (see Fig.8c and d). In addition, the distribution and heights of CNTs have been
well controlled by the etching time and operation condition of CCE. In conventional CNT
emitters, both by screen printed and chemical vapor deposition synthesized, the distribution
and height of CNTs were random. In such emitters, the turn-on voltage may not be
characteristic of average CNTs but of early igniting CNTs. The early emission from some
particular tubes can reveal the apparently low turn-on voltage, which is usually defined by
the voltage at a given reference current intensity.

Y

] - -
AoV Spot Magn  Det WD H—— = 45 m

600k 407 10000x TLD'BO = &

o -

AccV Spot Magn  Det WD LoV Spot Madh
500 kV 40 100000x TLD b0 6.00 40 200000x TLD &

Fig. 8. The SEM images of NMCNT field emitters with different amplified times:(a)10000X,
(b)20000X,(c)100000X,(d)200000X.

The SEM image of NMCNT emitter pixels fabricated by CEMM is shown in Fig.9 (a) and their
higher magnification SEM image is shown in Fig.9 (b). The spacing between pixels shouldn’t
be too small, small emitter pixel spacing would induce the field screening effect between
adjacent emitters. However, large emitter pixel spacing would decrease the display effect of
field emitters. In the fabrication process of NMCNT emitters, it is convenient to adjust the size
of emitter pixels by masking and photolithography. The optimized distance between NMCNT
emitter pixels was 60um and the area of emitter pixel was 625pm? in the present study.

The electron field-emission properties of NMCNT field emitters with a diode structure were
measured in a vacuum chamber at a pressure of 1.7x10-5Pa. The distance between the
cathode and the anode was 170pm, and the electric field referring to the value of the applied
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Fig. 9. The SEM images of (a) CNT emitter pixels, (b) a magnified view of pixels.
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voltage mentioned in the following descriptions is divided by the electrode distance. In
contrast to the distance between electrodes, the surface of the test sample is very flat
(roughness Ra < 0.2pm), we consider that field emission has actually occurred from the all
NMCNT pixels on the test sample in the same applied field. The actual emission area of
NMCNT field emitters is 1600%0.000625cm? (1600 is the number of pixels on the test
sample). Figure 10 shows a plot of the field-emission current density (ECD) versus the
applied electric field, and the corresponding filed emission curve is shown in the inset. It is
easy to find that all dots on the filed emission curve fit a single straight line well, which
indicates the Fower-Nordheim-type field-emission behavior. The ECD of NMCNT emitters
increases monotonically with the applied field, and the shape of the curve in Fig.5 is
relatively smooth. When the applied electric field is enough high, the current gets saturated
and remains constant. The highest current density was about 13mA cm2 at an applied
electric field of 3.4Vpm and the measured turn-on field to extract a current density of
10pA cm-2 was 0.53 V um-1. Considering the fact that the emission area of NMCNT emitters
was lcm?, this should be a rather strong filed emission performance in carbon-related
cathodes. CNT films grown on various well treated or fabricated planar substrates with an
ECD higher than TmA cm=2 were also reported, although it is of an actual emission area
which is only several square millimeters. For example, ECD of~6Acm=2 (at
7.4V pm)and~25mA cm=2 (at 4V pm-!) were demonstrated by CNT films grown on
Fe/Al/TiN/Si and Ti substrates, with the emission areas being 10-* and 0.04 cm?, [50,
51].However, when the actual emission area reaches the magnitude of square centimeters,
the ECD will drastically drop down to a scale from several tens to several hundreds of
microamperes. For example, for CNT films grown on SiO,/Si (0.8 cm?), indium tin oxide
coated soda lime glass (64cm?) and glass modified by organic functional groups (1cm?), the
corresponding ECDs were only 42 pA-cm=2 (at 6 V- pm), 62 pAcm=2 (at 2 V-pm™?) and
160pA cm=2 (at 4.8 V pm-1) [52-54]. Based on these comparisons, it was concluded that the
field electron emission from NMCNT field emitters was greatly enhanced, and the technical
parameters, such as turn-on field and ECD, had almost satisfied the typical technical
requirements for flat panel display operation [55]. The enhancement factor p was derived
from the slope of the graph by assuming that the work function of CNTs was the same as
that of graphite (5eV).The enhancement factor for the NMCNT-field-emitter was 27735. Such
a P value is much higher than typical values reported for CNT cathodes, such as 400~1200
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for CNTs on silicon and glass substrates, and 2600~3500 for highly ordered CNT arrays on
porous aluminum oxide [56, 57]. Therefore, considering the actual emission area, the
obtained turn-on field, current density, and the calculated field enhancement factor, the
NMCNT emitters fabricated by CEMM is an ideal candidate cathode.

9.8
14 4 -10.0
-10.2 . Q =
-10.4 S
']2 = &_‘-10.6 I. 3
N >-108
104 =110 .
) 11.2
E 11.4 -
= 8- -11.6
; 05 06 07 08 09 1.0
.a 5 1N [ ]
& — n
ﬂ) .
- | ]
T 44 "
E ]
O 2- ]
n
[ |
]
0O mEm =
T l 1 I L] l L] l' T I L] l L] I L]
0.0 05 1.0 15 2.0 25 3.0 3.5 4.0

Applied field (V/um)

Fig. 10. ECD versus the applied electric field for the NMCNT field emitters fabricated by
CEMM. Inset shows the Fowler-Nordheim plot.

3.3 Conclusions

In conclusion, we have fabricated large area NMCNT field emitters by CEMM at room
temperature. Pretreated multi-walled CNT and Ni are deposited onto a Cr/Cu conducting
layer by CCE; subsequently, protruding tips of CNTs are obtained by etching away a layer
of Ni as emitters, followed by emitter pixels being formed by micromachining. Through the
process of CEMM, CNTs with a clean surface are vertically embedded in the flat Ni
substrate. Our field emitter shows relatively good field-emission properties such as high
current density (13mA cm2 at an applied electric field of 3.4 V pum-1), low turn-on field (0.53
V um-1), and good stability (110 h for 10% degradation of current density from 400pA cm2).
This excellent field emission performance is attributed to the uniform distribution of CNTs
on the cathode, the strong adhesion of CNTs to Ni matrix and the flat surface of NMCNT
field emitters. This method is not only simple in fabrication process, but also combine
advantages of direct growth and screen printing. Above all, no further treatment is needed
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to initiate or augment field emission. The NWCNT field emitters can obtain practical
applications such as backlight units of liquid crystal displays and cathode ray tubes.

4. Cu/CNT contact material prepared by CCE

The damage of electrical contact is a vital factor for the invalidation of integral electrical
appliances [57-59], so materials used as electrical contacts in these applications must have a
good combination of electrical conductivity, wearing qualities, and resistance to erosion and
welding [60, 61]. Otherwise, the contacts will be eroded, which causes poor contact and
arcing. Arcing takes place when contacts are in the process of establishing a current flow or
interrupting the flow of current. Arc is characterized by high temperature and a high current
density in the arc column. Because of the high temperature and mass flow, the contact
material surface is severely corroded and eroded, which results in erratic contact resistance
and material loss. Therefore, an electrical contact material should have high electrical and
thermal conductivity, high melting point and high resistance to the environmental reaction,
as well as high arc erosion to maintain contact integrity [62-65]. Cu is a good candidate
material due to its high thermal and electrical conductivity, but it has a high coefficient of
thermal expansion (CTE). Materials with low CTE and high thermal conductivity, such as
Cu/CorCu/W composites, have improved the reliability of electronic devices [66, 67].
However, these composites are often too expensive for many applications. In addition, their
machinability and the elaboration of thin sheets remain very difficult.

The CNTs reinforced Cu-matrix composites offer a good compromise between thermo-
mechanical properties and thermal conductivity. Their advantages are :(i) lower density
than copper, (ii) excellent thermal conductivity, (iii) low coefficient of thermal expansion
and (iv) good machinability. Other advantages of Cu/CNT composites are adaptive thermal
properties, which can be adjusted [68-70]. However, it is difficult to make CNTs disperse
uniformly and combine well in the metal matrix [71], traditional techniques such as the
powder metallurgic process would bring for midable technical hurdles to prepare high-
quality metal- matrix CNT composites, which is ascribed to the low-strength interfacial
adhesion [72]. As no melting and solidification of the matrix would be induced, CCE is one
of the most important techniques for preparing high-quality-metal-matrix CNT composite.
In addition, the CCE is compatible with the micro-electro-mechanical systems (MEMS)
technology. The metal-matrix CNT composite films can be processed to various small
volume and high-performance electric contacts by MEMS technology.

In this study, the CNT Cu-matrix composite films are prepared by CCE. SEM images show
that the CNTs are dispersed uniformly and combined well in the Cu matrix. The Cu/CNT
contact material displays good resistance to electric arc. We believe that the investigation
should be helpful to the Cu/CNT contacts wide application for industry.

4.1 Experimental details

4.1.1 Preparation of Cu/CNT composite films

The pretreated CNTs (1gL-1, 2gL-1, 3gL-1, 4gL-1, 5gL-1, 6gL-1) were added to the Cu
electroplating baths, and six different plating baths were prepared for making a comparison.
Then, these solutions having different concentrations were sonicated at 21 kHz for 3 h to
produce homogeneous suspensions. The CNT Cu-matrix composite films were prepared by
CCE using these CNT suspensions; the optimum plating baths are chosen by the quality
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comparison of these CNT composite films. All chemicals are chemically pure. A Cu plate
with a purity of 99.98% is used as the anode.

4.2 Results and discussion

4.2.1 The choice of Cu electroplating baths and the combined state of CNT with the
Cu matrix

Through the quality comparison of different CNT composite films fabricated by the six
electroplating baths, we found that the CNT composite films have the best quality when the
concentration of the CNTs in the Cu electroplating baths reaches 4 g L-1. So this electrolyte
concentration is chosen as the optimum plating bath for preparing the CNT Cu composite
films. Figurell shows the SEM images of the Cu-CNT composite films; it can be seen that
the CNTs dispersed uniformly and combined well in the Cu matrix, the enhancements have
not increased the porosity rate of composite films, and the surfaces of composite films are
homogeneous.

Fig. 11. The SEM images of CNT composite films

4.2.2 Mechanical properties of the Cu/CNT composite plating film

The hardness of the Cu-CNT composite films and a Cu film was tested by digital-
micrographic hard-meter (model number: HXD-1000 TMB/LCD). Figure 12 shows the
hardness change of the CNTs (a) (b) Cu composite films with the concentration variation of
CNTs in the plating baths. From the graph, we found that the hardness of the CNF
composite film was enhanced significantly with the increase of the CNTs in the plating
baths, but for the CNT composite film it has not obviously been changed with the increase of
the CNTs in the plating baths. The hardnesses of the CNT Cu composite films reach the
maximum of 156 HV and 207 HV with the concentration of the CNTs of 4gL-1 and the
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concentration of the CNFs of 4 g L-lin the plating baths, and about 13.9% and 51.1% higher
than that of the pure copper plating film (137 HV). This result indicates that the
CNTs/CNFs have significant effect on promoting the hardness of the Cu-matrix composite
film, especially for the CNFs.
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Fig. 12. The hardness change of CNT Cu composite films with the concentration variation of
CNTs in the plating baths.

4.2.3 The electrical properties of the Cu/CNT composite films

The CNT composite films are tested by a contourgraph and semiconductor parameter
analyser. The resistivity of the film can be expressed as p= R.S/L, where R is the electrical
resistance, S and L are the cross-sectional area and the length of the composite plating films.
The resistivities of the two different plating films are listed in table.2; it shows that the
resistivities of the Cu/CNT composite plating films and Cu film are 2. 656 x10-¢Q cm , 1.745
x10-6€2 cm. The resistivity of the Cu/CNT composite plating film is higher than that of pure
Cu film ,but lower than those of other Cu-matrix composites such as CuW 4. 35 x10-
6Q c¢m ~ CuMo 3. 571 x10-6Q cm.Theoretically, the Cu/CNT composite plating films should
have better conductivity performance than that of pure Cu film. According to O.
HJORTSTAM's report [73], it is possible that the room-temperature resistivity of CNT-metal
composite is 50% lower than that of Cu when the CNT filling in the range of 50%-60% of the
composite. The ultra-low resistivity is possible because the ballistic conducting CNTs have
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an electron mean free path several orders of magnitude longer than metals like Cu and Ag.
The reason of the resistivity of CNT/Cu composite plating films fabricated by our method is
higher than that of pure Cu film may be that the relatively low composite density of CNT in
the Cu-matrix composite films limits the overall conductivity of CNT composite films [74].It
needs our further research to resolve the problem and prepare ultra-low resistivity Cu/CNT
composite.

species resistance length of cross-sectional area of resistivity (Q<m)
(Q) linetype linetype film (cm?)
film (cm)
pure Cu films ~ 10.50 53.25 8.850x10- 1.745%10-
Cu/CNTs
composite 15.80 53.25 8.950x10-¢ 2.656x10-6
plating films

Table 2. Resistivity of two different plating films

The thickness of the Cu/CNT composite films are controlled in the size rang of 1-10um by
adjusting the process parameters of CCE and the same properties of composite films can be
held; the CNT composite films are processed to various size films and employed for micro-
relay by MEMS technology. Because of the stable processing technique and the
compatibility of CCE with MEMS technology, the micro special contacts are directly
integrated on the surface of the contact of MEMS micro relay.

In the process of arc erosion test, the closing force of contact is 1N, breaking force is 0.75N,
circuit voltage is 1.5V, current is 1A and the frequency of breaking is 6000. There exists
apparent electric spark when the contact was broken. Figure 13 shows the micrographs of
electric contact samples before (a) and after the arc erosion test. The result shows that the
arc erosion of the Cu/CNT contact is 2.7mg, and 22.9% lower than that of pure Cu
(3.5mg).This implies that the CNTs can effectively improve the arc erosion of micro
special contact.

Fig. 13. The micrographs of electric contact samples before arc erosion being tested (A) and
after arc erosion being tested (B)
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4.3 Concluson

In the present research, the Cu/CNT matrix composite films are prepared by CCE. SEM
images show that the CNTs dispersed uniformly in the Cu-matrix. Furthermore, the Cu-
CNT composite films show relatively good physical properties such as the hardness of 156
HYV, and about 13.9% higher than that of pure Cu plating film (137HV); the resistivity of the
CNT composite plating films is 2.656 x10- 62 cm, and lower than those of other Cu-matrix
composites such as CuW (4.35%10-6Q cm) and CuMo (3.571 x10-6Q cm). In addition, the arc
erosion behavior of the Cu/CNT contact has been examined on an electric arc erosion
apparatus. The result shows that the arc erosion loss of the Cu/CNT contacts is 2.7mg, and
22.9% lower than that of pure Cu (3.5mg) under the same conditions. We believe that the
investigation should be helpful to the Cu/CNT wide application for industry.

5. CNT field emission micro-cathode arrays fabricated using CCE followed by
micro-machining

On the basis of preparing the CNT emitters above, we propose a novel design of CNT field
emission micro-cathode arrays. The 3D structure drawing is shown in Fig. 14, compared
with previously reported CNT field emission micro-cathodes [33-36], this structure have
relatively complete functional units, including bottom electrode down-lead current-limiting
resistance CNT emitters supporting wall insulator layer suspension grid and focusing
electrode. In this design, each structure layer is fabricated by using layer by layer
lithography alignment process. All experiments are executed at room temperature.

5.1 Experimental details

The flow of the fabrication process for the triode-type CNT field emission micro cathode

arrays is drawn in Fig.14 and the detail process is described as follows:

1. First, a patterned Au layer (1pm) is deposited on the Cr/Cu (10/40nm) seed layer as
bottom electrode by photolithography and electroplating (Fig.14.a).

2. Then, a A,Os film (50nm) is sputtered on the Au electrodes as resistor layer, and then,
the fabrication of the patterned CNT field emitters is preformed(Fig.14.b,c).

3. Afterward, a S5pm patterned Ni supporting wall (the reason for choosing Ni is its
resistance to corrosion) is deposited by photolithography and electroplating (Fig.14.d).

4. Then a polysilicon insulator layer is deposited on the supporting wall to suppress the
leakage current by sputtering (Fig.14.e).

5. Subsequently, patterned Ni gate electrode (1pm) electroplating is performed (Fig.14.f
and g).

6. Finally, patterned focusing electrode is formed by electroplating with photolithography
(Fig.14.h).

5.2 Results and discussion

The optical images of the integrated devices are shown in Fig.15 (A), (B) and their higher
magnifications are shown in Fig.15(C), (D) and (E). It can be seen that the integrated CNT
field emission micro-cathode arrays have uniform structure and good repeatability. The
gate pores’ diameter is ~1 pm and the height between the Ni metal gate and the CNT
pattern edge is ~5 pm (Fig.15D).The pore density is about 1.2x105 /cm?2. The inset map in
Fig.14E is a magnified view of a CNT emitter pixel; the CNTs are uniformly embedded in
the pixel as shown in the inset map. The emitter pixel spacing shouldn’t be too small,
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small emitter pixel spacing would induce the field-screening effect between adjacent
emitters. However, big emitter pixel spacing would decrease the resolution of field
emitters. In the fabrication process of the integrated devices, it is convenient to adjust the
size of the emitter pixels by masking and photolithography. The optimized distance
between the every two adjacent CNT emitter pixels is 2.5um and the area of emitter pixel
is 9 pm?2 in the present study.

(a) Sputtering Cr/Cu (10/40nm) seed layer on a glass
substrate

ﬁ (f) Electroplaitng of patterned Supporting wall(Ni)

(b) Electroplaitng of patterned bottom electrode (Au) I === I — I ==== I

() Sputtering patterned Insulator layer (ALO;)

(h) Electroplaitng of patterned gate(Ni)

@ Fabrication of CNTSs field emitters by composite
electroplating and Micro-Fabrication technology l_ J

(¢) Patterning of CNTs field emitters (i) Electroplaitng of patterned focusing electrode(Ni)
) = - m
Basement(glass)  Supporting wall(Ni)  Insulator layer(ALO;) Gate(N1)  Focus electrode (Ni)
= = — -
Bottom RSt tiu s
esistor layer i : Backside alignment
electrode (Au) tocfysitionns) CNTs field emitters Mark{(frft‘u}

Fig. 14. Schematic diagrams of the fabrication process for the triode-type micro-gated CNT
emitter arrays :(a)Patterned bottom electrode (Au) is deposited on basement by
electroplating, (b) Resistor layer (Al2Os) is deposited on bottom electrode by sputtering,
(c)Patterned CNT emitters are fabricated by electrochemical micromachining, (d)
Electroplating of patterned Supporting wall (Ni),(e) Patterned insulator layer (polysilicon) is
deposited on the supporting wall by sputtering, (f)(g) Gate(Ni) is fabricated by
photolithography and electroplating, (h) The electroplating of Ni focusing electrode.
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Fig. 15. The optical images of integrated devices (A, B) and their higher magnifications (C, D
and E). The inset map in Fig.15E is a magnified view of a CNT emitter pixel.

Figure 16 shows a plot of the device field-emission current density (ECD) versus the applied
electric field, and the corresponding field emission curve is shown in the inset. It is easy to
find that all dots on the field emission curve fit a single straight line well, which indicates
the Fower-Nordheim-type field-emission behavior. The ECD of the emitters increases
monotonically with the applied field. When the applied electric field is high, the gate current
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gets saturated and remains constant. The highest gate current density is about 15.7mA -cm-
at an applied electric field of 12V/pm and the measured turn-on field to extract a current
density of 10pA cm2 is 2.4V pum-l. The device characteristics are compared with those in
other CNT emitter structures, although they are all fabricated by different structures and
processes [79]. Pirio et al [80] observed turn-on voltages of 9-15 V, defined at 0.1 nA cm2.
The low turn-on voltage was obtained with a sub-micrometer gate-to-tip distance realized
using a self alignment process. However, the turn-on field remained at relatively high
values of 18-30 V cm1. In Hu et al [81], a structure fabricated by screen-printed CNTs with a
turn-on voltage of 40-45 V was obtained with ~ 5 pm gate-to-tip distance. Jang et al [82]
obtained a turn-on voltage of 20 V (turn-on field ~ 1 V um?) at ~10 nA cm2 with pasted
CNTs. They all report, at most, mA cm2 range values for the maximum current density. On
the other hand, Uh [83] obtained an exceptionally high current density of 275mA cm-2 with a
turn-on voltage of 38 V using catalytically grown CNTs. In summary, the triode emitter
structure fabricated on a glass template using CCE and micromachining shows a very low
turn-on voltage and a high current density, which are better than or, at least, compatible
with those of other triode structures. The field enhancement factor (p) for the CNT emitters
is derived from the slope of the graph by assuming that the work function of CNTs is found
to be 2.4 x 106 .cm under the assumption of the work function to be the same as that of
graphite (4.5eV), which is calculated from the following equation: p=2.84x107 @3/2 /S,
where @ and S represent the work function of CNTs and the absolute value of the slope of
the F-N plot. The field enhancement factor extracted from triode-type configuration is
approximately two orders of magnitude higher than that of diode-type configuration
fabricated by using the same method and also much higher than typical values reported for
CNT cathodes, such as 400~1200 for CNTs on silicon and glass substrates, and 2600~3500 for
highly ordered CNT arrays on porous aluminum oxide [84, 85]. The very high field
enhancement factor confirms the high efficiency of the triode structure in electron
extraction. The structure shows good field-emission properties, but the challenge of
fabricating an applied device still remains including the further optimization of integral
construction and preparation technology.

5.3 Conclusions

A new CNT field emission micro cathode array structure fabricated by CCE and
micromachining is achieved. The relevant processing technology is also developed.
Integrated CNT field emission micro-cathodes have intact structure and good repeatability.
The structure revealed a very efficient performance as indicated by the high field
enhancement factor and current density, low turn-on voltage and good emission stability.
The micro-cathodes can obtain practical applications such as backlight units of liquid crystal
displays and cathode ray tubes .This study laid a foundation on the device integration and
cost-effective mass production, but it requires further optimization in the device
configuration and processing.

6. The potential applications of CNT films prepared by CCE

Metal/CNT composite films produced by CCE are suitable for a wide range of applications;
suggestions to date include field emission devices, biomedical sensors, contact materials and
coatings as well as large surface area electrodes for fuel cells, capacitors and gas sensors. So
far, the development of CNT-based devices from CNT films produced by the CCE method
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has been focused mainly on the field emission properties. It is well known that CNTs are
promising candidates for field emission devices, due to their high aspect ratio, small size,
structural and chemical stability and thermal conductivity; these features are responsible for
a low emission threshold and high emission current densities compared to other
alternatives.
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Fig. 16. The ECD versus the applied electric field for the CNT field emission micro-cathodes.
Inset shows the Fowler-Nordheim plot.

6.1 The potential application in the displays

CNT field emission displays (CNT-FEDs) are promising for a range of situations including
flat panel displays, cathode-ray tubes, and backlights for liquid crystal displays. CNT-FEDs
have the potential to provide high quality moving images with low power consumption.
The technical parameters of field emission cathodes prepared by CCE in our present
research, such as turn-on field and field emission current density, had almost satisfied the
typical technical requirements for flat panel display operation. This suggests that CCE is a
useful technique to obtain an electron source with minimal out-gassing and to make triode-
type CNT field emission displays. Through the process of fabrication of Ni-matrix CNT field
emitters using CCE in chapter 3, CNTs are vertically embedded in the flat Ni substrate. No
further treatment is needed to initiate or augment field emission and the field emitters
exhibit good field-emission properties such as high current density (13mA .cm?2 at an
applied electric field of 3.4 V pm-1), low turn-on field (0.53 V pm-1), and good stability
(110 h for 10% degradation of current density from 400pA cm-2). In addition, we have
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successfully developed an effective fabrication method at room temperature for the mass
production of triode-type CNT field emission micro cathode arrays. This technique
combines CCE and micromachining, avoids the direct growth and screen-printing
procedures conventionally used to fabricate such structures. Due to low cost and room
temperature process, the technique is proven to be advantageous in mass production.
Results of field emission testing show that the micro cathodes have perfect field-emission
properties, such as high current density (15.7mA <m-2), low turn-on field (2.5V um-?), and
good stability (109 h for 10% degradation of current density from 400pA <m-2). In addition,
in the structure the leakage current of the gate has been reduced to near zero by coating the
Al>O3 on the gate.

In addition, for CNT-FEDs and related devices, vertically aligned CNTs are preferred because
they provide a low turn-on field as well as a uniform and stable electron emission. The CCE
method has the potential to produce highly efficient CNT-based FED devices due to its ability
to fabricate large, vertically aligned, and patterned nanotube arrays at low temperature.

CNT arrays by CVD; thermal CVD involves high processing temperatures so that glass or
polymer substrates cannot be used. Although plasma-enhanced CVD can be used at lower
temperatures, there are still difficulties in fabricating large area field emitter arrays.

6.2 The potential application in the modified electrode

In the area of electrochemistry, the combination of high aspect ratio, nanometer-sized
dimensions, good electrical conductivity and low capacitance in the pristine state dictates
that CNTs have the capability to make excellent electrodes. CNT film electrodes were first
introduced for voltammetric analysis by Liu and his coworkers. Following this report, the
electrocatalytic properties of CNT- modified electrodes became a hot topic. The basic
electrode configuration of randomly dispersed, purified CNTs on the surface of a
conducting support macroelectrode was used extensively for the electrochemical detection
of a multitude of redox - active molecules in solution. The preparation of CNTs-modified
electrodes has many problems. CNTs are insoluble in many solvents due to the large inter
tube attraction energy. The CNTs dispersed by volatile solvents are often randomly
dispersed on the surface. The conventional ways of CNT dispersion and the performances of
interface are difficult to control. However, CNTs successfully dispersed in metallic matrixs
are easily controlled by CCE. If CCE is utilized to prepare CNT modified electrode, it has
several advantages which help improve the interface performance of the composite film.
First, CNT can be homogeneously dispersed in the metallic matrixs; Secondly, metallic
matrixs can be controllable etched by specific reagent, and make part of CNTs exposed on
the surface of the metal/ CNT composite without pollution; Thirdly, the density of CNTs in
metal can be controlled by changing the density of CNTs in the plating bath and plating
current density. Fourthly, the firm connection between CNT and metal matrix can be
achieved and ensure a good electrical conductivity. In addition, the CCE is compatible with
the MEMS technology. The micromachining technology helps us efficiently choose which
area of the electrodes will be modified, thus making CNTs implantation technique feasible,
controllable and reliable.

6.3 The potential application in the electrical contact.

As previously analysis in chapter 4, materials used as electrical contacts in electronic devices
must have a good combination of electrical conductivity, wearing qualities, and resistance to
erosion and welding. Otherwise, the contacts would be eroded to cause poor contact and
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arcing. Arcing takes place when contacts are in the process of establishing a current flow or
interrupting the flow of current. Arc is characterized by high temperature and a high current
density in the arc column. Because of the high temperature and mass flow, the contact
material surface is severely corroded and eroded, which results in erratic contact resistance
and material loss. Therefore, an electrical contact material should have high electrical and
thermal conductivity, high melting point and high resistance to the environmental reaction,
as well as high arc erosion to maintain contact integrity. Metals with high thermal and
electrical conductivity are good candidate material, but they usually have high coefficient of
thermal expansion (CTE). Materials with low CTE and high thermal conductivity, such as
Cu/CorCu/W composites, have improved the reliability of electronic devices. However,
these composites are often too expensive for many applications. In addition, their
machinability and the elaboration of thin sheets still remain very difficult.

Furthermore, the metal/CNT composite films show relatively good physical properties. The
hardness of the Cu/CNT composite film prepared by CCE is 156 HV and about 13.9%
higher than that of pure copper plating film (137HV). The resistivity of the CNT/CNF
composite plating film is 2. 656 x10- ¢Q2cm, and lower than those of other Cu-matrix
composites such as CuW 4. 35 x10-6Q cm CuMo 3.571 x10- Q cm. In addition, Cu/CNT
micro special electric contact has been designed and successfully fabricated by MEMS
technology. The arc erosion behaviors of the Cu/CNT contacts have been examined on an
electric arc erosion apparatus. The result shows that the arc erosion loss of the Cu/CNT
contact is only 2.7mg, and 22.9% lower than that of pure Cu (3.5mg) under the same
conditions. The Cu/CNT matrix specific contact can be fabricated with high yield and good
reproducibility. High producing rate of finished products can effectively reduce the
manufacturing cost of micro special electric contact and make them achieve practicable
application. The thickness of the CNT/ Cu composite film are controlled in the rang of 1-
10um by adjusting the process parameters of CCE; The CNT composite films are processed
to various films with different thickness and employed for micro-relay by MEMS
technology. Because of the stable processing technique and the compatibility of composite
electroplating with MEMS technology, the micro special contacts can be directly integrated
on the surface of the contact of MEMS micro relay.

Exploitation of CCE in these and other applications will frequently rely on the attachment of
functional groups or other nanostructures to the CNT surfaces. The combination of CNTs
and nanocrystalline particles should have applications in field emission displays,
nanoelectronic devices, drug delivery systems, antibacterial films, biosensors, photocatalytic
nanostructures and other functional composites. We anticipate that CCE and combinations
of CCE and other colloidal processing methods will play a significant role in the
development of such metal/ CNT composite nanostructures.

7. Conclusions

In this study, we considered the preparation of the metal/CNT composite using CCE
method. The effects of pretreatments of the CNTs, such as purification activation and
mechanical ball milling on the metal /CNT composite film were discussed. A detailed study
of the Ni-matrix CNTs field emitter fabrication by CCE was presented. The CCE fabrication
processes of the Cu/ CNT contact material and the CNT field emission micro-cathode arrays
were followed. The potential applications of the resulting CNT structures and the scope for
the future work are highlighted. Further developments of the CCE processes will allow the
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reliable fabrication of three dimensionally controlled nanostructures and nanocomposites
either in the form of dense materials or with a required porosity; graded, aligned, and
patterned features may also be incorporated as desired. It is believed that the investigation
may be helpful to metal/ CNT composite functional material and devices prepared by CCE
wide application for industry.
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