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1. Introduction

Electrochemical deposition has been regarded as one of the key disciplines to
microtechnology [1], as it provides a way to produce high precision microcomponents in
various pure metals, alloys and composites in cost effective processes. Among the first
microdevices demonstrated, were the electrochemical deposition of lithographically
patterned features introduced in the early 1960's by IBM to increase memory density and
reduce the physical size of memory devices [2]. The electrochemical deposition onto
microfabricated template is also known as electrodeposition and microelectroforming in
literature.

Electrochemical deposition is widely used for producing metallic components from
sub-millimeters to a few millimeters in overall dimensions and up to a few hundred microns
in thickness, ie. in a range other metal deposition methods cannot challenge. As
electrodeposition is particularly suitable for producing thick metallic microstructures, early
efforts in this area were concentrated in producing relatively deep micromoulds. A renown
process in this field is LIGA, pioneered in Germany in the early 1980s [3]. LIGA is the
abbreviation of three German words representing three process steps, i.e. lithography
(Lithographie), electroforming (Galvanoformung) and moulding (Abformung). It has been
applied to fabrication of metallic microstructures and plastic replicates.

LIGA fabricated Ni microstructures and microcomponents have been applied in micro
sensors and actuators. However, applications in harsh service conditions such as high
temperature, high pressure, constant corrosion and friction put forward a requirement of
better material properties on LIGA Ni, as numerous studies in characterizing LIGA
fabricated samples have showed the insufficient mechanical and tribological properties of
pure Ni. For example, Ni has been found to have high friction coefficient during the wear
testing of LIGA fabricated microrotors [4]. It implies that Ni lifetime was well below the
required level. The high friction coefficient of Ni also leads to problems in obtaining
dimensionally accurate microcomponents with high aspect ratio during the plastic moulding
process [5]. The stress-life experiments have shown that LIGA Ni structures have endurance
limits that scale with tensile strength. [6].
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Electroformed alloys and metal matrix composites (MMC) are promising alternatives to pure
metals, which is proposed in literature for improving properties of LIGA Ni or replace Ni for
microsystem applications. The former introduces alloy elements into Ni during
electroforming process. For example, nanocrystalline nickel-tungsten (Ni-W) alloys are
being considered as an attractive alternative to electroformed Ni for applications such as
mould inserts and micro motors [7]. So far, however, only a few number of binary alloys, i.e.
NiCu, NiFe, NiCo and NiP, have been attempted in LIGA fabrication of microstructures [8].
The latter introduces non-metallic particles usually to Ni matrix for improving the properties
of the components. It is well documented in the literature that the solid and dispersed
particulate composites possess a greatly enhanced mechanical properties compared with
their metallic counterparts in strength, hardness, tribological properties and high
temperature properties [9]. Recent research developments on nanomaterials provide
scientists and engineers many new opportunities to synthesize nanocomposites with
enhanced properties and design novel devices for microsystems. This chapter gives a brief
introduction to this research with the latest results reported in literature.

2. Fabrication of Micromoulds in Photoresist

Central to the LIGA process is the fabrication of high quality LIGA moulds, and the X-ray
sensitivity of thick resists is very critical to the LIGA process Error! Reference source not
found.]. Polymethylmethacrylate (PMMA) was widely used in deep X-ray lithography
initially. It is not highly sensitive to X-rays and a thick piece of PMMA sheet (>1mm) needs a
long time to get exposed and results in excessive cost or fabrication difficulties Error!
Reference source not found.]. In addition, the high costs for access to X-ray from a
synchrotron limit the technique from wide applications. The commercial appearance of SU-8
in 90s started to change the situation. SU-8 is imageable with X-ray, UV and electron beam.
Compared with PMMA, it requires much less exposure energy. In fabrication of 600pm
standing microsctructures with X-ray exposure, PMMA requires a typical bottom dose of
4000 J/cm?®, while SU-8 requires 30 - 52 J/cm?, only about a hundredth exposure energy of
what PMMA requires [12]. Such high sensitivity to exposure proves sufficient even under
UV exposure. Therefore, SU-8 photoresist gradually becomes the most popular resist for the
LIGA process and UV-LIGA technique with wavelength of 356-405nm has been rapidly
developed.

SU-8 is a negative tone, near-UV photoresist developed and patented by IBM in 1989 [13].
The photoresist is based on the EPON SU-8 epoxy resin from Shell Chemical. Depending on
the percentage of the organic solvent and so the viscosity of the resist, the thickness of a
single-spin SU-8 film can reach more than 500pm. SU-8 resist is well known for its excellent
mechanical properties and low optical absorption in the near-UV range which results in
uniform exposure conditions across the thickness [14] [15]. It has been reported that 1000pm
thick microstructures with 40:1 aspect ratio was produced in a single lithography cycle [16]
and a 1200um thick microstructure with 18:1 aspect ratio in a double spin lithography
process [17], both of which are of good vertical sidewalls and geometry. However, SU-8 is
difficult to be stripped, and frequently, oxygen plasma process is required to remove SU-8
after electroforming. This property limits its applications to permanent components or
micromoulds of only convex shapes most time. Meanwhile the needs for thick and strippable
micromoulds lead to the development of some new resists.
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Niedermann et al. [] presented DiaPlate 133 as a negative tone strippable photoresist for
electroforming. A 60um thick nickel foil with 32pm diameter holes and a 300pm thick nickel
microgear were successfully electroformed using this resist. However, distortion seemed
severe when the feature size was less than 50um and a complicated long time soft bake is
required when the thickness of the resist was greater than 200um. Srinivasa Rao et al [] used
JSR THB 151N resist, which requires a short time in soft baking, to develop 130pm thick and
2.6:1 aspect ratio electroforming moulds with near vertical sidewalls. Lee and Jiang [] studied
KMPR, a photoresist newly developed by Microchem™, and microcomponents with an
aspect ratio of 18:1 were fabricated.

BPR100 is another negative tone thick photoresist with a single-spin film thickness ranging
from 40 to 130um. It has been applied to a variety of electroplating and etching processes
used in wafer level packaging. However, its dark blue colour absorbs irradiated beam energy,
causing uneven exposure from top to bottom of a thick layer. This make it difficult to be used
for thick moulds. The fabrication processes and the results of SU-8, KMPR and Shipley BPR
100 are presented as follows.

2.1 SU-8 Fabrication Process

SU-8 photoresist series have many grades for applications of different thickness. Take SU-8
2075 for example, it contains 73.45% solid and is intended for a thickness range from 75 to
225um. In its process, the attention should be focused on softbake time and exposure dose for
the optimum dimensional accuracy and sidewall profile of the microstructures. The
processing parameters can be found in [21]. An optimized process for producing 500 pm
thick SU-8 2075 moulds is used here as an example to introduce SU-8 process.

First, a 6ml SU-8 2075 photoresist is directly cast on a 4 inch silicon wafer coated with a thin
layer of gold deposited by using thermal evaporation. After the photoresist spreads evenly, a
soft bake at 65°C for 2 hrs and then 95°C for 8hrs is carried out on a levelled hotplate. The
softbake step is performed to evaporate all the solvent in the resist and solidify the coated
resist layer. UV exposure density is 12.6mW/cm’. In the UV exposures, hard contacts are
used between the SU-8 layer and the mask. A chrome mask is used in the exposure step. The
total exposure dose is 3019m]J/cm’. A postbake at 65°C for 2min follows and then 95°C for
20min. The polymerisation process occurs during the exposure and postbake steps. More
specifically, the photoacid is generated in the resist during the exposure step and the
crosslinking of epoxy groups takes place in the post bake step. The crosslinked SU-8
structures are then retained on the wafer after developing in the EC solvent for 10min.
Figure 1 shows an SU-8 mould for electroforming a microgear. Other SU-8 grades such as
SU-8 2002, SU-8 2005 and SU-8 2050 are for different thicknesses. Their fabrication process
are similar to SU-8 2075, but the processing parameters such as spin speed, baking time and
exposure do need to be determined from experiments and optimised for each application
case.
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Fig. 1. SU-8 mould for producing microgears using electroforming.

2.2 Fabrication of KMPR micromoulds

KMPR photoresist is a chemically amplified negative tone epoxy photoresist. It was
developed with the intention to resolve the stripping problem inherent with SU-8. Similar to
SU-8, a KMPR process includes spin coat, prebake, exposure, post-exposure bake and
development, and an additional resist stripping step is possible after electroforming. The
particular KMPR series commercially available from MicroChem include 1005, 1010, 1025
and 1050 to cover thicknesses from 5 to 115 pm. More process details can be found from the
MCC KMPR datasheet [22].

KMPR 1025 is taken as an example to demonstrate its process here. In a single layer
lithography process, KMPR 1025 photoresist is first spun coated up to 60 um thick on a
metalized wafer and soft baked. If the required micromoulds are thicker than 60 pum, a
multiple spin deposition can be applied. A multiple spin deposition process consists of spin
deposition, soft bake, spin deposition and soft bake again, until the thickness reaches the
requirement before the UV exposure, PEB and development steps.

In a single spin deposition process for making 60 um KMPR photoresist layers, the following
steps are used. (1) The spin deposition is conducted at 1000 rpm for 30 seconds. (2) The wafer
is soft baked on a hotplate at 1000C for 20 mins. (3)Then the coated wafer is exposed to UV
light at a density of 1135 mJ/cm2 using a chromium coated glass mask. The UV light source
can be provided by a mask aligner with a wavelength range of 365 to 436 nm. (4) Post
exposure bake (PEB) is carried out on a hotplate immediately after the exposure for 3 mins at
100°C. (5) The wafer is developed in 2.38% TMAH MF26A solution (Chestech, UK) for 6 mins
in room temperature and the micromoulds should appear on the substrate. (6) Finally, the
wafer is blown dry using N, gas. In a multiple layer deposition process, Steps (1) and (2)
above will be repeated until the thickness reaches the requirement before moving to step (3).
It is noted that the soft bake time for a multilayer deposition is different from that for a single
layer. For the first layer, 100°C for 20 mins baking condition is adequate. However, for the
second layer and onwards, 100°C for 30 mins baking time is more appropriate. The increase
in baking time is understood as that the previous layer tends to soak some solution from the
newly deposited resist and it takes longer time to evaporate the solution from the both layers.
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Figure 2 illustrates an SEM image of a 180 um thick micropiston mould made of KMPR. The
resist was deposited in two spin and soft bake cycles, in which the spin deposition was
carried out at 700 rpm for 30 seconds and the soft bake temperatures were at 1000C for 20
mins for the first layer and 30 mins for the second layer. The SEM images show that
dimensions can be controlled at a high resolution and sidewall about in 90+1°.

Fig. 2. An SEM image of a 180 um thick KMPR photoresist moulds deposited using a
multiple spin process.

2.3 BPR100 Fabrication Process

The fabrication process of BPR100 mould is slightly different from that of SU-8 and KMPR in
that a post bake is not required before development. An optimized process of producing
100pm BPR100 micromoulds is introduced as an example.

A metalized substrate is first cleaned using acetone and isopropyl alcohol (IPA) separately.
Then the substrate is pre-baked on a levelled hotplate at 120°C for 90s. After being naturally
cooled down to room temperature, the substrate is spun coated with one layer of BPR100
photoresist. The coating consists of spreading spin and level spin. In the spread spin, the spin
speed is ramped to 500 rpm at 100 rpm/second acceleration and held for 10 seconds. In the
level spin, the speed is ramped to 800 rpm at 100 rpm/second acceleration and held for 30
seconds. This will result in a 100 pm layer. Further details for achieving different thickness
can be found in [23]. A thicker layer can be achieved with a multilayer deposition process,
involving repeated spin coating and baking cycle. After the photoresist had been coated, the
substrate is soft baked to evaporate the solvent. This is done in two steps. First, the baking
temperature is ramped from 20°C to 65°C at a rate of 5°C/min, held for 3 mins at 65°C, and
then from 65°C to 95°C at the same rate, held for 7 mins at 95°C. After being cooled down, the
baked substrate is then exposed using the same mask aligner for 80 seconds. The exposed
substrate is subsequently developed in a solution of Eagle 2005 and deionized water in the
ratio of 1:24 at 39°C for 5~10 mins depending on agitation of the developing solution. A hard
bake is followed at 105°C for 5min. The resultant BPR100 moulds are examined using an
SEM. Figure 3 shows two micromoulds made in Shipley BPR 100. The moulds are 200 pm
deep and have straight sidewalls, providing excellent conditions for forming quality thick
metallic components.
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Fig. 3. Micromoulds made in Shipley BPR 100 resist.

3. Electrochemical co-deposition of metal/nanoparticles

3.1 Electrochemical Deposition

In a typical electrodeposition setup, shown in Figure 4, two electrodes are submerged in a
plating solution. One of the electrodes is the anode, linked to a block of the source metal,
while the other is the cathode, linked to the micromoulds with areas to be deposited with the
metal. The two electrodes are powered by an external power supply. The plating solution is
a salt of the metal for deposition. For Nickel deposition, nickel sulfamate solution is used,
which consists of nickel (85~95g/L), nickel chloride (8~12g/L) and boric acid (25~35g/L).

Anode:
Ni— Ni*" +2e

Cathode
Ni**+2¢ = Ni

N2 Ni*

Fig. 4. Schematic representation of an electrodeposition cell
The mechanism of how a cation merges with an electron from the cathode to form a metal

atom on the substrate is arguable in two main theories [24]. According to one theory, the
cation is discharged and neutralised preferentially in to an active site on the substrate. If
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there is no active site within a distance for the cation to discharged, a new nucleus is formed.
This theory postulates a lower potential is needed for the cation to grow on an existing
crystal than to create a new crystal [24]. The other theory suggests that the cation is
neutralised and discharged at random, and form into a metal atom on the surface of the
substrate. The metal atoms then orient themselves into the lattice and grain size that is
characteristic to the metal. This theory assumes that the discharged metal atoms have the
appropriate mobility [24].

In electroforming practice, the usual problems are air bubbles, uneven growing of deposited
metal and grain size control. Continuous research has been conducted in this arer for
improving the quality of deposition. Apart from improving agitation conditions, including
using ultrasonic agitator, pH and temperature control, and small additives, the
configurations of the electrodeposition, such as Hull cell, and variations on voltage patterns
have been explored, and good results have been achieved for particular applications. Further
reading can be found in references [25, 26, 27, 28].

3.2 Nanoparticles and their preparation for electrochemical co-deposition

Composite materials provide a useful way to change the properties of the materials. Electro
co-deposition of nanoparticles with metals is one of the recent developments in
electroforming field. The micro composite components often demonstrate superior
properties. Ceramic nanoparticles are widely adopted as the fillers and they are
commercially available. For example, fumed Al,O; nanoparticles of high purity can be
purchased from CABOT Cooperation™.

It is well known that the nanoparticles tend to agglomerate into clusters due to their high
surface energy. The phenomena can be observed in SEM analysis. A small amount of AlL,O;
nanoparticles is first diluted in DI water and dispersed using a mechanical stirrer for 30 mins.
An ultrasonic agitation of the Al,O; suspension is followed for 15 mins. A little of diluted
Al O; suspension is dropped on a metal stub and dried up slowly. After gold sputtering, the
prepared sample can be examined under the SEM microscope. It can be seen from Figure 5
that the nanoparticles are still agglomerated to some extent and the particle size is estimated
to be around 30 nm. The HRTEM micrograph in Figure 6 indicates that the nanoparticle size
is in the range from 25nm to 50nm.
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Fig. 5. High magnification SEM micrograph of Al,O; nanoparticles

Nanoparticles should be well dispersed in the electrolyte in order to achieve uniform distribution
in the metal matrix. Therefore, it is necessary to avoid agglomeration of nanoparticles in the
solution as much as possible. For this reason, the dispersion property of the nanoparticles in the
nickel electrolyte was investigated by performing zeta potential measurements. The tests were
carried out in a Zeta Potential Analyzer (Zetamaster, Malvern instruments, U.K.). The suspension
was diluted to 0.2g/L by DI water and the pH value was adjusted with NaOH and HCI. The
obtained results will be present and discussed in the next section.

In the composite electroforming processes, the Al,O; nanoparticles is firstly dispersed in the
DI water using a mechanical stirrer for 30mins and then the suspension is ultrasonically
agitated for 15mins. After the nickel sulfamate electrolyte is heated to the desired temperate,
the AL O; suspension was slowly mixed into the electroforming bath, which is agitated
continuously using a magnetic stirrer. The prepared composite bath is maintained at the
constant temperature and agitation for about 30mins prior to electrodeposition. The loading
of AL,O;nanoparticles in the bath, operating temperature and the current density have been
studied to find the effects of electroforming conditions on the properties of electroformed
microcomponents.
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Fig. 6. HRTEM image of AlL,O; nanoparticles used in this study (By courtesy of CABOT
Cooperation™)

Carbon nanotubes have been co-deposited into Ni matrix, together with A1,O; nanoparticles,
as reported by Wei and Jiang [29]. A commercial nickel sulfamate solution (PMD Chemicals
Ltd, UK) was used as the host electrolyte for preparing the nickel and nanoparticles colloidal
bath. AL,O; nanoparticles (SpectrAl™ 81) of a high purity and raw Multi-Walled Carbon
Nanotubes (MWCNTs) were used as the second phase materials for the composite
deposition. First, A,O; nanoparticles and MWCNTSs were added into two beakers containing
nickel sulfamate electrolyte. However, the nanoparticles and CNTs tend to agglomerate due
to the Van Der Walls force. Besides, the hydrophobic nature of CNTs makes them difficult to
dissolve in most solutions. Sodium dodecyl sulphate (SDS) as a surfactant was used to
improve the dispersion of nanoparticles and CNTs in the solution. Then, the two beakers of
colloidal solution were placed in an ultrasonic bath agitation for 30 minutes before mixing
the solutions in one beaker. In order to improve the contact between the Al,O; nanoparticles
and MWCNTs, the mixture was alternatively agitated using the ultrasonic and mechanical
stirring methods for a total of 30 mins before conducting any experiment. Table.1 shows the
composition of the prepared electrodeposition bath.
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Symbol Name Value
Ni(NH,S03), Nickel Sulfamate 380~425g/L
NiCl, Nickel Chloride 8~12¢g/L
H;BO; Boric Acid 25~35g/L
NaC1,H,5S04 Sodium Dodecyl Sulphate ~1g/LL
ALO; Alumina Nanoparticles 3g/L
MWCNTs Multi-Walled Carbon Nanotubes 0.05~0.3g/L

Table 1. Composition of the bath for Ni-Al,O3/CNTs electrodeposition.

A study on their dispersion behaviour in the nickel sulfamate bath was conducted. It was
found that the addition of SDS makes the dispersion of Al,O; nanoparticles and MWCNTs
easier with the aid of sonication. Zeta potential measurements of the diluted solution taking
from the prepared nickel composite bath show that the surfaces of ALO;/MWCNTs are
positively charged in the pH value of a wide range from 2 to 14. Therefore, ALO;
nanoparticles and MWCNTs will migrate to the cathode in the electrical field.

The experiments were performed in a 1L glass beaker using a potentiostat/galvanostat
power supply (TENMA™ 72-6153). A magnetic stirrer was used to agitate the bath to keep
the solution with a uniform concentration and reduce the agglomeration of nanoparticles
and CNTs during the experiments. The current density was varied in the range of
10~50mA/cm’. The temperature and pH were maintained at 50+2°C and 4.3+0.1 respectively
during the experiments.

3.3 Analysis of microstructures, surface morphology and composition

After electrodeposition, the resultant microcomponents were ultrasonically cleaned in
deionized water for 30s to get rid of the loosely attached Al,O; nanoparticles and MWCNTs.
The surface morphology was characterized using a scanning electron microscope, and the
content of nanoparticles and MWCNT incorporated in the Ni matrix was evaluated from the
aluminium and carbon signals using Energy Dispersive X-ray Spectroscopy (EDX) coupled
with the SEM. Microhardness tests were conducted in a hardness machine (MVK-H1,
Mitutoyo) using a load of 100g force and a dwelling time of 15s.

Fig. a shows an SEM image of a micro gear electrodeposited from a bath containing 0.05g/L
MWCNTs and 3g/L ALO; nanoparticles. Clearly, the gear is uniformly grown through the
SU8 micromould and its sidewalls are very smooth, while its top surface morphology is
distinct from that of electroformed pure Ni, as shown in Figure 7b. The previous study has
shown that the peaks of nickel pyramids are round and even flat in the co-deposition of
Ni-Al,O; nanocomposite. However, unlike ALO; nanoparticles, CNTs are electrically
conductive material. Hence, the embedment of MWCNTs on the cathode surface enlarges the
electrodeposition area, and accordingly leads to a spherical growth of deposit. Even a low
MWCNT loading in the bath still shows its effects as observed in Figure 7b. Increasing the
MWCNT loading in the bath enhances the trend of spherical growth of the deposit.

Figure 8 shows a surface of a micro gear electroformed from a bath containing 0.3g/L
MWCNTs and 3g/L Al,O; nanoparticles. It can be seen that the surface is very rough and
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there are lots of micro gaps. It was also found that the two ends of MWCNTs are embedded
in the nickel matrix and other parts of tube are above the nickel surface attached by ALO;
nanoparticles as shown in the micrograph of a high magnification, Fig9. This could be
explained as that CNTs have a high electrical conductivity along their axial direction, and
therefore, the tube ends of CNTs are easily deposited in the nickel matrix during the
deposition process. The high curvature of nanotubes leads to high surface energy of carbon
atoms, which makes MWCNTs surface attract Al,O; nanoparticles. The density of applied
current has a dramatic effect on the morphology of the deposit, as it is found that a high
current density will lead to breakdown of the uniform growth of the deposit, forming a very
rough surface. A low current density was therefore used in the experiments to fabricate
microcomponents.

(a) NON
Fig. 7. (a) An SEM image of a microgear deposited in a nickel sulfamate solution containing
0.05g/L MWCNTs and 3g/L ALO; nanoparticles. (b) A zoomed view of its surface
morphology.
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Fig. 9. An SEM Micrograph of Ni-Al,O;/ MWCNTSs Nanocomposite in high magnification

The content of AL,O; nanoparticles in the nanocomposite is affected by the bath composition
and electroforming conditions. Figure 10 shows a spectrum of EDX examination on the
surface of Ni-ALO;/MWCNTs nanocomposite. It was found that the average volume
percentage of Al,O; embedded in the nanocomposite electroformed from a bath containing
3g/L nanoparticles is around 9+2.5%. The average volume percentage of embedded Al203
electrodeposited from a bath containing 3g/L Al203 nanoparticles and 0.05g/L MWCNTs is
around 6.65%. The results of EDX examination and x-ray mapping indicate that the
nanoparticles are uniformly distributed in the Ni matrix. As expected, the higher the
concentration of AL,O; nanoparticles in the bath, the more nanoparticles are incorporated
into the composite electroform with no observed tendency to precipitation.
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Fig. 10. Energy dispersive spectrum of Ni-Al,O3;/ MWCNTSs nanocomposite.
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4. Mechanical properties of nanocomposites

4.1 Microhardness

As many factors influence the hardness of electroformed Ni-Al,O; microcomponents, a
systematic study was carried out to investigate the effects of the major factors, such as
temperature, current density and loading of ALO; nanoparticles. In this study, the
microhardness of the Ni-ALO; nanocomposite electrodeposited at 45°C and 55°C
respectively with the similar pH and current density was compared. It was found that the
lower temperature and higher current density result in a relatively higher hardness as shown
in Fig. 11. The hardness of deposits usually falls with the rise in temperature of the plating
conditions. It can be explained that increasing temperature will lead to high cathodic
overpotential, which favours the formation of fine grains and therefore results in high

hardness.
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Fig. 11. Microhardness of nanocomposites made from (a) 45°C and (b) 55°C respectively at
the similar pH value and current density.

For the high temperature applications, the effect of post heat treatment on mechanical
strength of Ni-ALL,O; composite was characterized by using a microhardness tester. Ni-AlL,O;
microcomponents were electroformed using a current density of 25mA/cm? from the bath
containing 20g/L ALO; nanoparticles. After stripping off the photoresist moulds,
microcomponents were treated in a vacuum heating furnace with a vacuum pressure of
10°Pa. The applied temperature was gradually ramped up to 600°C at a ramping rate of
5°C/min and then it was cooled down to room temperature slowly after dwelling at 600°C
for Thr. Microhardness tests were performed on the post treated samples and the hardness
was found HV,, 300, which is still higher than that of electroformed pure nickel. It was
found that a higher annealing temperature softened the Ni-Al,O; nanocomposite while a
relatively lower annealing temperature less than 200°C almost had no obvious effects on the
microhardness of the sample. In comparison between the electroformed pure Ni and Ni
nanocomposites, it can be concluded that the annealing effect is minimized due to the
existence of Al,O; nanoparticles, which hinders the nickel grains from growing bigger
during the annealing process [31].
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4.2 Elastic property

Since the appearance of LIGA technology, Ni as a MEMS material has been widely used, but
its mechanical properties were not paid much attention only until the recent 10 years.
Measurements of mechanical properties of electroplated or LIGA-deposited Ni now have
been extensively conducted by many researchers using different techniques. The reported
Young’'s moduli range from 148.04GPa ~ 159.90GPa by Kim [32], 175+7GPa by Ballandras et
al [3], and 190.5GPa by Zhou et al [4]. Apart from the difference of methods they used, the
Young's modulus of electrodeposited Ni is also strongly influenced by the fabrication
conditions, including the temperature and current density. Luo et al Fig.[5] and Fritz [6]
investigated the effects of temperature and current density in electrodeposition. They both
found that Young’s modulus decreased with respect to increasing the mean current density.
In Figure 12, the Young’s moduli of Ni reported in references [35] and [36] are compared
with that of Ni-AL,O; nanocomposite obtained from bending and nanoindentation tests in
this study.

} B Ni/AI203 Bending Tests
2004 © § € Ni/AI203 Nanoindentation
| } A NiReference [14]
° .
180 - . Ni Reference [18]
A
= 160 4
=}
g 4
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Fig. 12. Comparison of Young's Modulus of electrodeposited pure Ni and Ni-ALO;
nanocomposite at different current density

It is found that the Young’s modulus of Ni-Al,O; nanocomposites is dramatically affected by
the current density. Nevertheless, Ni-Al,O; nanocomposite still has an increased elastic
property than the pure Ni thin films as indicated in the comparison. According to the
well-known rule of mixtures [7], such an enhancement is likely due to the addition of Al,O;
nanoparticles, which have a higher Young’s modulus of roughly 300GPa. In addition, the
AlO; nanoparticles also influence the growth of microstructures of the nickel matrix in the
course of electroforming process, which will accordingly affect the intrinsic property, such as
the Young’s Modulus.
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5. Examples of potential applications

Nickel has been used as a dominant metal in LIGA technology for over twenty years, and
accordingly research on strengthening nickel properties by incorporating particles into nickel
matrix is expected to improve the serving performances of microdevices and
microcomponents made of pure nickel.

Teh and co-workers [8] proposed that the incorporation of diamond nanoparticles into nickel
matrix formed in electroless electroforming to enhance greatly the overall stiffness of the
nickel film attributed to the extreme hardness, stiffness, and temperature resistance of the
diamond particle. As more diamond nanoparticles are incorporated into the matrix, the
residual stress in the composite film is reduced, making it more suitable for fabricating
suspended microstructures. It was found that an electrothermal microactuator made of
Ni-nanodiamond composite film could reduce the power requirement by 73% from 0.924 to
0.248W, compared with a pure nickel device for the same 3pm displacement. In addition, the
nanocomposite microactuator can exhibit reversible displacement over 3pm, which is larger
than pure nickel one for only with 1.8um displacement [9]. The authors then further
investigated the effects on the performance of electrothermal microactuators deposited by
the incorporation of diamond nanoparticles in nickel electrolytic bath, in terms of the
mechanical strength, coefficient of thermal expansion (CTE) of the nanocomposite material,
and the improvements of power consumption and operational reliability in the devices [40].
Similar effects were also found in the Ni-Cordierite nanocomposite thin film by these
researchers [41]. The as-deposited nickel-cordierite films exhibit better thermal compatibility
with silicon than nickel. The addition of cordierite particles significantly reduces the residual
stress as shown in Figure 13. The inset shows a magnified view of the released double folded
beam.

2
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1og

AT % B
Fig. 13. (a) A partially released, internally stressed nickel microresonator; (b) A fully released,
unannealed, residual stress free, nickel-cordierite microresonator

Wang and co-workers [2] fabricated Ni-Al,O; micro pillars using PMMA moulds and the

conventional nickel sulfamate bath containing Al,O; particles. In the process, they monitored
the changes of current density for pure Ni and Ni-Al,O; deposition. It was found that the
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addition of the particles in the plating bath causes the deposition process to change from
mass transport controlled to partially kinetic controlled. This is reasonable because AL,O;
particles are non-conductive and their distribution in the vicinity of the cathode and their
embedment in the deposit affect the reduction process of nickel ions. They also found that the
deposition rate decreased as compared to the theoretical prediction. Fig. 14.14 shows an
array of Ni-Al203 micro pillars (500pm tall and 200pm diameter) electrodeposited from a
bath containing 7g/1 A1203 particles. Results of mechanical tests showed that microhardness
was substantially improved with the incorporation of particles. Following the same route,
they also studied other MMC microcomponents, for example, Ni-SiC , NiCo-SiC and
Nicu—A1203.

Fig. 14. Ni-AL,O; posts grown from a bath containing 7g/1 Al,O; particles

It was found that the average volume percentage of A1203 embedded in the nanocomposite
electrodeposited from a bath containing 3g/L Al203 nanoparticles and 0.05g/L MWCNTs is
around 6.65%. The results of EDX examination and x-ray mapping indicate that the
nanoparticles are uniformly distributed in the Ni matrix. The microhardness of the Ni-
AI203-MWCNT composite microcomponents is found in the range of HV0.1 350~400. This
value is greater than that of a pure Ni microcomponent produced from a similar bath
without nanoparticles (HV0.1 280 ~ 330).

Wei and Jiang [29] fabricated Ni-Al,O; microcomponents for a micro engine. Figure 7a is a
composite microgear of Ni, ALO; and MWCNT for the device. The composition and
mechanical properties have been discussed above. Figure 15 shows a Ni-Al,O; composite
micropiston for the microengine. It was electrodeposited from a bath containing 7g/1 AL,O;
particles. The improved hardness of the nanocomposite Ni components will reduce the wear
and extend the life, which is important in the design of microengines.

www.intechopen.com



Electrochemical Co-deposition of Metal-Nanoparticle Composites for Microsystem Applications 407

Fig. 15. A micro Ni-Al,O; piston electroformed from a bath containing 7g/1 Al,O5 particles.

Compared with nickel which has been widely used as a structure material for building up
microcomponents and devices, copper is mainly used as a material for electronic
interconnections and electrical microdevices. Gan and co-workers [43] studied the feasibility
of electrodepositing copper matrix nanocomposite with Al,O; nanoparticles onto silicon
wafers. They successfully fabricated a microchannel array of Cu-Al,O; nanocomposite as
shown in Figure 16. Microstructural examination and nanoindentation experiments were
performed on the nanocomposite. It was found that the presence of the Al,O; nanoparticles
in the bath interfere with the grain growth process during the electrodeposition and
accordingly lead to smaller grain size compared with pure copper. The mechanical tests
showed that the microhardness increased from 1.29GPa to 1.62GPa with the addition of the
nanoparticles, which is a 25% increase.
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6. Summary and conclusions

Electrodeposition of microcomponents is suitable for mass fabrication of high precision
metallic microcomponents. Recent research has combined electrodeposition with
nanomaterials and produced nanocomposite components. The research results currently
available have demonstrated obvious advantages of the new development. This chapter
introduces the latest nanocomposite electrodeposition techniques, characterization results
and some applications.

After a general introduction to electrodeposition, the chapter presents the processes of
producing high quality and thick micromoulds using three photoresists in SU-8, KMPR and
Shipley BPR 100. SU-8 has been used for making moulds of over 1 mm in depth using UV
exposure, but it may be difficult to strip. Oxygen plasma is widely used to remove the SU-8
moulds after metal deposition. KMPR was designed with the intention to overcome the
stripping difficulty in electrodeposition applications. So far, the reported thickness of the
moulds exposed using UV is limited to a few hundred microns. Shipley BPR 100 is another
thick photoresist. Its dark blue colour absorbs irradiated light, making an even exposure
through a thick layer very difficult. So far the reported thickness of Shipley BPR 100 layers is
limited to about 200 pm. However, Shipley BPR 100 moulds can be completely dissolved,
which makes it attractive for making relatively thin structures.

Setting and material preparation for nanocomposite co-deposition are introduced. Al,O;
nanoparticles and MWCNT have been used as the fillers. The proposed treatment of the
nanomaterials against agglomeration in electrodeposition is proven effective. The
co-deposited components have been examined. Because of the composite materials, the top
of the components is a bit bumpy, but the side walls are smooth. Microstructure analysis
shows that carbon nanotubes have been deposited into the structure in separate distribution.
EDX analysis shows that the average volume percentage of ALO; embedded in the
nanocomposite electroformed from a bath containing 3g/L nanoparticles is around 9+2.5%.
The composite components have been analysed in term of hardness and elastic property.
Overall, nickel composite is found harder than pure nickel. In addition, the deposition
conditions are related to the hardness. It is found that lower temperature and higher current
density result in a relatively higher hardness. Young's modulus of the composite
components are generally higher than pure electrodeposited nickel. However, low
deposition current resulted in higher Young’s modulus.

The chapter provides some practical applications of the co-deposited nickel composite
components, ranging from microresonators to microengines. In these applications, the
microcomposite components show some excellent properties in thermal expansion, hardness,
and wear resistance. These properties vary with the percentage of embedded naoparticles,
which makes the composite components tuneable to suit their applications. Currently, the
technology for electrochemical co-deposition of Ni-nanoparticles is just emerging, but it has
demonstrated its obvious advantages for various applications. This technology has potential
to be much developed to suit wide engineering applications.
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