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Preface

The history of metallic materials is thought to have begun about 11,000 years ago
because of their brilliant beautiful features. The noble metals, especially gold, are
often used as components in electronic devices because of their high electrical
conductivity, chemical stability, corrosion resistance, and high density.

In the field of microelectromechanical system (MEMS) devices, continuous minia-
turization, while maintaining high sensitivity, is always a challenge. Especially for
MEMS accelerometers, sensitivity is highly affected by Brownian noise, and struc-
tures with sufficient mass in the device are needed to suppress this noise. Because
of the requirement of overall mass of the components, it is difficult to reduce the
dimensions of components to allow further miniaturization of the MEMS device.

This book presents recent progress in noble metal electrodeposition and the
application of gold materials in the realization of highly sensitive complementary
metal-oxide semiconductor-microelectromechanical systems (CMOS-MEMS)
accelerometers. A feature of the CMOS-MEMS accelerometer is the use of gold
proofmass. The high density of gold enables sensitivity enhancement by reducing
thermomechanical noise, which is inversely proportional to overall mass of the
proofmass. The developed CMOS-MEMS multiphysics design environment is also
presented. An equivalent circuit of a MEMS accelerometer has been designed to
simultaneously clarify both mechanical and electrical behaviors. One of the poten-
tial applications of the highly sensitive accelerometer is also discussed by focusing
on early-stage diagnosis of Parkinson’s disease.

Dr. Masato Sone and Dr. Kazuya Masu
Tokyo Institute of Technology, Japan
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Chapter1

Evaluation Methods of Mechanical
Properties of Micro-Sized
Specimens

Takashi Nagoshi, Tso-Fu Mark Chang

Abstract

Micro-sized components have been widely used to microelectromechanical
systems (MEMSs) and medical apparatus in recent years. Measurement meth-
odologies of the mechanical property of small materials need to be improved for
structural designing of these devices because of their component size reduced
to micro- or nano-regime where sample size effects emerge. Mechanical proper-
ties and deformation behavior could be very different with their dimensions and
geometries especially for small materials. Our experiments on the micro-specimen
tested in different dimensions and loading directions are suitable for the evaluations
of materials for MEMS components. In this chapter, recent studies on micro-testing
of bending, compression, and tension with micro-sized samples will be presented
including fabrication methods of non-tapered micro-sized specimens.

Keywords: micro-testing, strength, anisotropy, microstructure, electrodeposition

1. Introduction
1.1 Micro-testing

Micro-sized components have been used in microelectromechanical systems
(MEMSs). Recent developments of MEMS are outstandingly fast and need improved
performance, reliable Device lifetime, and Miniaturization. MEMSs are often made
up of components below 10 pm in size. For example, MEMS-based accelerometers or
gyroscopes were widely used in smartphones, gaming consoles, and location-based
devices. Some more examples shown in Figure 1 are optical switch (a), gyro sensor
(b), and micro-windmill (c) [1]. Micro-components used in MEMS such as micro-
spring, bending beams, and structural support of MEMS suffer from mechanical
straining and need suitable mechanical properties. However, at these size scales, the
classical physics are not always useful. Sample size effect, which will be described in
later section, emerges. Thus, the micro-testing method with specimen whose sample
size is in the same scales with actual MEMS components is needed.

Besides testing methods for small materials, micro-sized testing of each rep-
resentative elementary volume in heterogeneous materials is of great interest.
According to the Japanese Industrial Standards, material mechanical property
evaluation requires samples with gauge length larger than the 10 mm for tensile,
bend, and compression testing. These samples could include all representative
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Figure 1.
Examples of MEMS devises: (a) optical switch, (b) gyro sensor, and (c) micro-windmill.

volume elements of materials, and thus the measurement results represent average
properties of the material. On the other hand, micro-sized testing using micro-
sized specimen can evaluate local mechanical properties such as second phase,
locally damaged materials, and the interface or transition area among them.

1.2 Sample size effect

Mechanical property evaluations of small materials such as deposited film,
heavily deformed metals, treated surface layer, etc. had been frequently conducted
with indentation method because the size of the specimen can be very small and can
easily conduct multiple tests for averaging. Hardness obtained from the indentation
that repeatedly shows increase with decreasing indentation depth demonstrates a
strong size effect [2-4]. Materials under the sharp indenter suffered from severe
plastic flow from an early stage of indentation; thus, the deformations via disloca-
tion and expansion of stacking faults are complicated, and strains had gradients
from indentation site. The strain gradient under the indenter is supposed to be the
main reason of indentation size effect as explained by strain gradient plasticity,
which also justifies size effect on bending or torsional strength [4]. In an evolution
of geometrical necessary dislocations with the presence of strain gradient, these
formations induce an additional dislocations and cause material hardening, as sup-
posed by Ashby [5]. Testing through compression or tension where strain gradients
are absent had been conducted. Non-tapered pillar, i.e., no strain gradient inside,
was fabricated and observed a generally unexpected size-dependent compression
strength by Dimiduk et al. [6]. The following researches consistently showed size-
dependent strength for tension and compression on various single-crystalline metals
[7-11]. Size-dependent mechanisms on single-crystalline metals can be explained by
the movement or evolution of dislocations in a limited volume of the small sample.
Two commonly accepted models, dislocation starvation and source truncation,
were proposed [12-14]. Dislocation starved condition observed by in-situ TEM
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straining where new dislocation source nucleation needed with high stress [12, 15].
Truncated dislocations are observed as single-arm source where one end of the
dislocation was pinned inside the specimens, and the other runs on the surface to
attain strains [16]. These dislocation dynamics had been simulated using 3D discrete
dislocation dynamics [17]. Size effects in single crystals had been well clarified based
on the aforementioned dislocation mechanisms. However, size effects for the other
deformations without dislocation motion such as grain boundary sliding and shear
banding, which are frequently observed in nanocrystalline materials [18], are not
yet been commonly understood. Rinaldi et al. [19] and Jang and Greer [20] have
investigated the sample size effect on nickel nanocrystalline nano-pillars. They got
different results: Jang and Greer observed a “smaller is weaker” dependence with
the exponent smaller than one for single-crystalline metals, while Rinaldi et al. got
very scattered result, which exhibits the slight increase in strength with decreasing
sample size. Thus, sample size effect on nanocrystalline materials is inconclusive so
far. Sample size effect on polycrystalline pillar has great interest in industries owing
to miniaturization of MEMS devices reaching to its component scales at submicron
or nano-regime.

1.3 Fabrications of MEMS

Metallic film formations are important processes for MEMS fabrication. There
are two large classifications for film formation: one is the dry process and the other
is the wet process. Dry process utilizes gas or metallic vapor for depositing metallic
films on the surface of interest. Although it is a simple process, deposition rate is only
sub-nm to several nm in a second [21, 22] and not suitable for industrial applications.
On the other hand, one of the wet processes, electroplating, has been used for indus-
trial fabrications of MEMS including components that require mechanical support
thanks to fast deposition rate and controllable mechanical properties [23, 24].

The miniaturization of MEMS and IC goes into the nanoscale regime, the so-called
nanotechnology. Each component size or wire width reaches several tens of nanome-
ters. For the fabrication of such nanomaterials, gaps with an inversed geometry are
filled with metals by deposition. In the gap filling, some problems happen as schemati-
cally shown in Figure 2. A liquid solution with surface tension and bad wettability to
substrate do sometimes not fill the gaps or hydrogen gas bubbles evolved in the reac-
tion. The areas without electrolyte were left unfilled during deposition leaving voids
and pinholes [25]. We have developed a novel electroplating method with supercritical
CO, emulsion (ESCE) to accomplish a successful metal gap fill [26, 27]. Emulsified

Overhang

Voids pin-hole

Figure 2.
Typical failures found in filling of gaps with electrodeposition.
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Figure 3.
Cross-sectional SEM images of (a) substrate with holes of 70 nm in diameter with aspect ratio of 5, (b)
expanded image of (a), and (c) substrate filled with Cu electroplated in ESCE.

supercritical CO, with surfactant forms micelles which continuously bounce on the
surface of cathode. Evolved hydrogen bubbles and unfilled gaps are removed by the
micelles, and the deposition stopped at the bounced area. The deposition resumed
with refreshed electrolyte which enhances local plating rate. These plating mecha-
nisms are called periodic plating characteristics (PPC) [28, 29]. The efficient hole
filling was observed in the Cu filling to the hole with 70 nm in diameter and 350 nm
in depth as shown in Figure 3 [30, 31]. PPC also contributes to the film strengthening
via grain refinement. Strengthening of MEMS components is essential for further
miniaturization and high reliability of the devices. However, the size effect discussed
in the last section is aggressively studied for single-crystalline metals and only few
researches on structured materials such as nanocrystalline metals.

2. Micro-pillar compression testing
2.1 Pillar fabrications

Compressions of fabricated pillar could be the most frequently employed
testing method for small materials. Starting from a notable work by Uchic et al.
[32] who first probe the size effect without stress gradient, numerous works had
been done by micro-compression. Uchic et al. fabricated fascinating cylindri-
cal micro-pillars by focused ion beam (FIB) from single-crystal Ni. Automated
fabrications by a series of side-wall milling and rotation for tilted pillars enabled
non-tapered cylindrical pillar fabrication, while most of the FIB fabrication uses
single-direction milling; thus, pillar tapered inheriting a tilted milling wall in a
FIB fabrication. We have proposed novel method to fabricate non-tapered pillars
using conventional FIB only. Schematic images of fabrication process are shown in
Figure 4. Multidirectional ion beam irradiation was utilized to eliminate tapering.
The fabrication can be divided in three parts: (1) coarse milling, (2) tilted milling,
and (3) finishing. Before FIB milling, samples were thinned down to approximately
50 mm and mounted with projected part on the sample holder. In (1) coarse milling,
the tip of projected part milled to form a rectangle pillar with specimen thickness on
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Figure 4.
Schematic images of process for compression pillar fabrication: (a) coarse milling, (b) tilted milling, and (c)
finishing.

side length. Following (2) tilted milling, specimen tilted to +45°; as more practi-
cally, sample rotated to 180° with tilting of 45°. The pillar size was reduced to a
desired dimension leaving margins for finish milling. Tilted milling wall in FIB for
this fabrication method results in a diamond-shaped cross section, which will be
further modified in (3) finish milling. Using small current ion beam to minimize
ion bombardment damage, the sample was milled from additional +2.3° for each
side of the pillar, i.e., +47.3 and +42.7 for four sides. SEM image of the fabricated
pillar is shown in Figure 5. Uniform, non-tapered pillar is essential for the small-
scale testing to reduce error in measurement. Finite element method indicates the
tapering with the value of 20:1 (i.e., the angle between the post wall and the post
axis is ~2.86°) results in the increase of yield strength and observed work hardening
even the perfectly plastically deformed model used [33].

2.2 Compression test of electrodeposited nickel
Electrodeposition of metals can be used as fabrications of mechanical sup-

port of MEMS devices which will suffer from bending, compression, and tension
from any directions. The anisotropic features of deposited metals arising from the

Figures.
Fabricated compression pillar made from single-crystalline nickel.
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microstructures and orientations could strongly effect on the mechanical properties
of the components. To evaluate the anisotropic characteristics and resulting reliabil-
ity of MEMS devices, compression test on electrodeposited nickel was conducted.

Microstructures of Ni electrodeposited by additive-free Watt’s bath are inves-
tigated. The substrate was film of pure Cu annealed at 673 K for 1 h in vacuum.

The film’s cross section was evaluated by the scanning electron microscope

(SEM) equipped with an electron backscatter diffraction (EBSD) pattern detec-
tor. Orientation map overlaid with grain boundary map where £3 boundaries are
colored yellow shown in Figure 6 indicates fine columnar grains with diameter of
around 100-200 nm grown toward film surface. Most of the columnar grain walls
are X3 boundaries, corresponding to twin boundaries, although the stacking fault
energy of Ni is relatively high [34]. High density of twins, 42% among high-angle
grain boundaries observed in this film, which commonly observed in various kinds
of electrodeposited metals [35-37].

Mechanical properties of Ni film electrodeposited in conventional Watt’s
bath were evaluated using micro-compression. Compression pillars were fabri-
cated by the FIB milling method mentioned in the previous section. Two pillars
with 20 x 20 x 40 pm were fabricated with pillar axis parallel and perpendicular
to growth direction as shown in Figure 7. The compression test was conducted
by indenting the pillar using flat-ended diamond indenter. Stress-strain curve
in Figure 8 shows increase in compressive stress of the parallel pillar. However,
in the cantilever bending test of same material indicate maximum stress of 2080
and 1582 MPa for the parallel and perpendicular cantilever with respect to the
growth direction [38], i.e., the strength increased when the load direction verti-
cal to the growth direction of the electrodeposited film which is the opposite
result than the compression test. This is related to the stress gradient present
in bending test where the stress maximizes at a fixed end and decreases along
beam direction or neutralizes at the center of beam. These results that imply the
mechanical properties of the small component are very sensitive to geometries,
and hence, it is important to test them properly in their actual dimensions and
geometries.

Figure 6.
Cross-sectional orientation map of nickel film. Yellow line delineates the X3 boundaries.
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Figure 7.
Scanning ion microscopy images of fabricated compression pillar with growth direction (a) vertical and (b)
pavallel to the pillar axis.
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Figure 8.
Stress-strain curves of micro-compressions of vertical and parallel pillar.

2.3 Sample size effect on nanocrystalline nickel

The size effect known as the mechanical property changes by the varying sample
size below; several tens of microns had been extensively studied as summarized in
the introduction. However, the sample size effect on the nanocrystalline metals had
been under controversy including the existence of it. On the other hand, nanocrystal-
line materials are very important for MEMS components, while the aforementioned
structural or orientation anisotropy is usually not involved even in submicron-sized
samples. Microcompressions of nanocrystalline nickel with a different sample size
are conducted to evaluate sample size effect on nanocrystalline materials [39].

Nanocrystalline nickel was electrodeposited with the ESCE mentioned in the
introduction, which was developed in our group. Emulsions were formed by stirring
the electrolyte with polyoxyethylene lauryl ether (C;,H,5(OCH,CH,)1s0H) under
high pressure (15 MPa) of supercritical carbon dioxide. Plated nanocrystalline
nickel (NCNi) and single-crystal nickel (SCNi) purchased from Nilaco Inc. were
used to fabricate compression pillars. Square cross-sectional pillars with side length
ranging from 5 to 30 pm are fabricated. Micro-compression testing was conducted
by custom-made testing machine with flat-ended diamond indenter with a strain
rate of 2.5 x 10,
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Figure 9.
TEM bright-field image of ESCE nickel viewed from film plane.

Deposited nanocrystalline nickel had 7.7 nm of average grain size measured by
using TEM as shown in Figure 9. Pillars of SCNi with compression axis along <789>
crystal orientation as analyzed by EBSD and NCNi were compression tested, and the
results are shown in Figure 10. SCNi has a very low yield stress of 10-20 MPa which
agrees well with the reported critical resolved shear stress of nickel. After yield-
ing, large work hardening is due to the cross slip of dislocations, while several slip
systems can be operative in compressions of near [111] orientation. And finally work
is softened by the macroscopic shear formation. Compression tests of NCNi were
shown in true plastic strain starting from 0.2% offset stress as yield stress, which is
more than ten times higher than that of SCNi. The deformation process is believed to
be a grain boundary process, such as grain boundary sliding or grain rotation.

1% flow stress and yield strength of NCNi and peak stress of SCNi, were plotted
against the sample size in double logarithmic scale in Figure 11. The stress depen-
dence on sample size was negative, which means the smaller one is stronger in both
single crystal and nanocrystalline materials. Although the scaling exponent of —0.125
for NCNi was very small compared with SCNi, strength increased from 2.5 to 3.1 GPA
when the pillar size was decreased from 30 to 5 pm. The size effect in the present
NCNi can be considered as a result of grain boundary sliding, which is reported to
involve several grains in formation of micro shear band along the grain boundar-
ies known as cooperative grain boundary sliding (CGBS) [40]. CGBS events could
initiate from flat segment of grain boundaries, and the number of these segments
decreased when sample size becomes smaller. Increase in strength with decreased
sample size is the consequence of decreased shear areas in the operation of CGBS.

o 50 4.0
=
= 40 = e
§ - -\.--"'""i..h-' o35 /f'
e e (U] ’
— e o v
a0 - "
£ 7 8 3.0[/ N
EED /._» SCHI S pm 5 / o NCN|1|; -
o ’ —— SCHNi 10 ym ™ | n
S 100 /7 SCNi 20 um 325 NN 20 pm
E i SCNI 30 pm > NCNi 30 ym
0 0.1 0.2 2'00 1 2 3 4 5
Engineering strain True plastic strain (%)
Figure 10.

Results of micro-compression test of sample with different sample sizes: (a) SCNi and (b) NCNi.
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Figure 11.
Sample size dependence of compressive stresses.

3. Micro-tensile tests
3.1 Testing methods

Evaluating mechanical properties, such as fracture strength and elongation, of
the materials in microscale is important to determine reliability of the micro-compo-
nents used in MEMS. Although micro-compressions or micro-bending tests can pro-
vide some mechanical properties, these properties cannot be provided directly. For
bulk materials, tensile tests are often used to evaluate mechanical properties includ-
ing fracture strength and elongation and fracture behavior. Therefore, a tensile test
in the microscale is needed to evaluate the properties of the micro-specimens. In the
microscales, gripping the specimen and aligning the equipment for the tensile test
are very difficult when comparing with micro-compression or bending tests; thus,
there are only a few reports on micro-tensile test [41, 42]. The fabrication method
of compression pillar shown in the previous section uses ion beam irradiation from
vertical to pillar axis; thus, in a fabrication of tensile test specimen, the head of the
sample and gauge part are separately fabricated as shown in Figure 12. At first, the
thin sample was milled roughly by FIB, as shown in Figure 12a. Second, the grip
part and gauge part were milled to a shape as shown in Figure 12b. Finally, the gauge
part of the micro-tensile specimen was milled by the same way of the fabrication of
compression pillar. The final shape of tensile specimen is shown in Figure 12¢. High
strength and stiffness of diamond are suitable materials for the micro-gripper to be
used in micro-tensile test. Thus, the micro-gripper fabricated from the diamond-tip
indenter can be used to evaluate mechanical property of high-strength materials.

a lan

o724 | el

Figure 12.
Schematics of tensile specimen fabrication. (a) Rough milling, (b) fabrication of grip part, and (c) SEM
image of tensile specimen after gauge part milling by non-tapered pillar fabrication procedures.
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Figure 13.
Schematic image showing fabrication method of the micro-gripper for the micro-tensile test and (b) SEM
image of the fabricated micro-gripper.

Using same FIB equipment for fabrications of grip part and sample gripper enables
the completely inverted-shaped combination of them feasible for aligned grip in
tensile test. The grip part of the micro-gripper was fabricated by removing away the
blue region by FIB milling as shown in Figure 13a. Figure 13b shows SEM image of
fabricated micro-gripper taken along the direction of FIB irradiation.

3.2 Tensile test of single-crystal nickel

Aside from the structural anisotropy on polycrystalline metals shown in the
previous section, single-crystal metals have strong anisotropy to mechanical prop-
erties. We have conducted tensile test of SCNi with different orientations of <111>
and <223> along loading axis [43]. The difference in the stress-strain curves shown
in Figure 14 is an evidence of the effect of crystal anisotropy on the deformation
behavior. In particular, stress-strain curve of the <223> oriented specimen can be
divided into three hardening stages as shown in dashed line in Figure 14. The three-
stage hardening for <223> specimen is typically observed in single-crystal bulk
metals with fcc structure [44]. The regions divided by the dashed lines are named
stages 1, 2, and 3 from left to right, respectively. In stage 1, single slip system having
a high Schmid factor easily glides at a low tensile strength. In stage 2, a multiple slip
events occurred due to other glides in slip systems with lower Schmid factor than
the one already worked in stage 1. Thus, the work hardening rate increased due to
cutting and tangling of dislocation lines. In stage 3, the dislocation multiplication
is limited due to the saturation of dislocations. Work hardening rate is decreased.
However, the three-stage deformation behavior observed in <223> specimen
was not observed in the <111> specimen. For the <111> specimen, a multiple slip
phenomenon occurred at the initial region of plastic deformation, which is same as
observed in stage 2 for the <223> specimen. The difference comes from that there is
no slip system having a Schmid factor that is much larger than the others as the case
in the <223> specimen. In addition, four slip systems had similar high Schmid factor
which indicates they can move at similar stress on the contrary to <223> specimen.
The behavior observed in the true-stress-true-strain curve for the <111> specimen
is also similar to the stress-strain curve of bulk single-crystal metal composed of fcc
crystal structure having multiple slip [44, 45]. Strength and deformation behavior
of single-crystal metals are highly dependent on the loading directions even in the
microscale tensile testing.

3.3 Tensile test of nanocrystalline nickel

The high strength and sample size effect on NCNi deposited by our devel-
oped method ESCE were evaluated by the micro-compression test. However,
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Figure 14.
Stress-strain curves of micro-tensile test conducted for single-crystal nickel oriented <111> and < 223> to loading
axis.

micro-compression testing does not provide fracture strength and elongation to
failure. The aim of tensile test conducted is to obtain these mechanical properties
and to clarify underlying deformation mechanisms of nanocrystalline nickel [46].
Figure 15 shows engineering stress-strain curves of NCNi tested in micro-tensile
test, sample A tensile loaded until fracture and sample B unloaded after maximum
tensile stress was reached. Both samples had worked softening after plastic strains
of 1% indicating almost no work hardening capacity. Observations of sample A and
B are shown in Figure 16. In sample B, a notable necking was observed at the gauge
part as shown in a magnified view in Figure 16a, and the rest of the portions was
left undeformed. For nanocrystalline or ultrafine-grained materials with grain size
smaller than 1 pm, these low work hardening capacities and the absence of uniform
elongations are observed in tensile test using bulk specimen [47, 48]. The metals with
small grains have no space for multiplication of dislocations during deformation;
thus, dislocations immediately relaxed or sank in grain boundaries, and no disloca-
tion hardening was attained. However, the fracture surface had shear lips at the edge
of the specimen and dimples as shown in Figure 16a and b indicating the ductile
nature of deformation. Testing by the different loading conditions reveals underlying
the nature of deformation behavior important for the mechanical property analysis.

g
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g 8
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g 8 8 8
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Figure 15.
Stress-strain curves of micro-tensile test conducted for ESCE nickel.
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Figure 16.
SEM images of the specimen after micro-tensile test. (a) Specimen B, (b) shear lip observed on fractured
surface of specimen A, and (c) dimple patterns on the center of fractured surface.

4, Conclusion

The present chapter describes a variety of micro-testing suitable for evaluations
of mechanical properties of deposited films. Different geometries and loading
directions are essential for the practical evaluations of mechanical properties of
materials to be used in MEMS components. The sample preparation for micro-
testing, our proposed fabrication method of microscale samples for compression
and tension tests, demonstrated the anisotropic deformation behavior of electrode-
posited metals.

Compression test conducted on nickel film deposited by conventional method,
which has structural anisotropy as columnar grains grow along the deposition
direction. The strength of the film is varied due to both geometry and loading direc-
tions indicating the importance of micro-testing the MEMS components with their
actual dimensions.

Micro-compression and tensile test reveal very high strength and peculiar defor-
mation behavior of nanocrystalline nickel deposited in ESCE. And more impor-
tantly, the size effect on nanocrystalline materials has been observed and concluded
to be due to the decreased shear areas of CGBS in small samples.
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Morphology Controlled Synthesis
of the Nanostructured Gold by
Electrodeposition Techniques
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Abstract

The gold nanostructures find several technological applications in MEMS,
optoelectronics, and electronics industries. To enhance the applicability and suit-
ability of the gold nanostructures in these fields, modification of the morphology
of the deposited nanostructure is required. In recent years, the electrodeposition
method has emerged as a widely known method for the deposition of the nano-
structures of different dimensions and morphologies due to its time efficiency, cost-
effectiveness, and absence of vacuum technology. In this method, the morphology
of the deposited gold nanostructure can also be easily controlled by tuning the
electrodeposition process parameters such as electrolyte concentration, electrolyte
temperature, current density, deposition time, etc. This chapter gives a detailed
overview of the crucial electrodeposition parameters affecting the morphology of
the gold nanostructures deposits.

Keywords: deposition parameters, electrodeposition, electrolyte, morphology,
nanostructured gold, stability

1. Introduction

The origin of the word gold comes from the old English Anglo-Saxon word for
geolo meaning “yellow”, while the symbol ‘Au’ of gold is originated from the Latin
word aurum, meaning ‘shining dawn’ [1]. Gold is a precious element and has an
atomic number 79. In nature, it exists in a pure form. It is lustrous, slightly reddish
yellow in color, soft, has high density, high corrosion resistance, highly malleable
and ductile. Due to these properties, it has a long history in playing a very impor-
tant role in the development of human societies since ancient time to till date. It
was used by Chinese and Egyptians in ancient time (in the fifth or fourth century
B.C). Gold is used in both bulk and nanostructure forms. In bulk form, gold is used
in making jewelry, coins, statues, decorative objects, etc. Nanostructured gold
materials are not new materials for mankind. Gold materials with nanostructures
were used by mankind since a long time, but due to unavailability of characterizing
tools for nanostructure (like high-resolution transmission electron microscopy
(HRTEM), atomic force microscopy (AFM), X-ray diffractometer (XRD), etc.)
their structures were unrevealed. Nanostructured gold is used in the microelectro-
mechanical system (MEMS) due to its properties of high electrical conductivity,
excellent corrosion resistance, solderability, thermal conductivity, and bondability.
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For applications of nanostructured gold coating in MEMS, the coating must have
some essential basic properties which are as follows [2]: (a) Conductivity of coating
should be high; (b) Adhesion should be strong between coating and substrate to
prevent cracking, delamination and spallation; (c) Residual stress in the coating
should be minimum; (d) Coating should be stable within a wide range of tem-
perature; and (e) Coating should also be resistant to surface wears, corrosion, and
oxidation. Gold has also a good combination of high electrical conductivity and
corrosion resistance; therefore, it is widely used as a standard material for intercon-
nections, bond pads, contacts, as well as conductors, electrodes, and other passive
components [3]. For the electrical connectors and contacts, deposit of gold has high
hardness and good wear resistant [4]. Nanostructured gold also used in a variable
capacitor, chemical and biological sensors, optical detectors, etc. [2].

Electrodeposition technique is a well-established versatile technique to synthe-
size nanostructured gold on the conducting substrate. The earliest reference to the
gold coating by the electrodeposition process can be found in 1805 [1]. Relative
to other deposition techniques like sputtering [5], evaporation [6] and molecular
beam epitaxy [7], electrodeposition technique has many advantages such as time
efficiency, low cost, high deposition rate, relatively inexpensive equipment due to
absence of vacuum technology, thickness and uniformity controllable of the layers
of the deposited coatings, etc. The properties of the deposited nanostructured
gold coating are simply controlled by tuning its morphology. And, the morphol-
ogy of the deposited gold can be tuned by changing the electrodeposition process
parameters; mainly in the composition and pH of the electrolyte, the magnitude of
the applied current density, temperature of electrolyte and substrate. Moreover, it
is also found that the addition of some suitable additive in the electrolyte and a pre-
treatment of the conductive substrate can also modify the morphology of deposited
gold [8]. Itis also reported by Tian et al. [9] that the variation in the applied
potential to the electrodes and concentration of the precursor gold in the electro-
lyte plays a very crucial role in modification of the geometries and morphologies
of the gold deposits. On the variation of applied potential to the electrodes, they
obtained pyramidal, rod-like, and spherical morphologies of nanostructured gold
in a pre-treated substrate.

In this chapter, an overview of the information related to effects of process
parameters in the morphologies of nanostructured gold deposits is provided in detail.

2. Electrodeposition of gold

Schematic of the electrodeposition process is shown in Figure 1. For the electro-
deposition process, an electrolytic cell, an electrolyte, electrodes (an anode and a
cathode), and a power supply source are required. The electrolyte is the electrochem-
ical solution of metal or alloy salts that is/are required to deposit at cathode (conduc-
tive substrate) surface during electrolysis. When a power source is connected to
the terminals of electrodes, the current flows through them. As a result of this, the
cations (the metal ions (M?*)) are attracted to the cathode and deposited on it. The
continuous deposition of metal ions on the cathode surface forms a uniform layer
of metal on it through the reduction process. During the electrodeposition process,
following chemical reactions (Egs. (1) and (2)) take place at cathode and anode:

Cathode: M?%* + Ze- - M (1)

Anode: M —M? + Ze~ 2)
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Figure 1.
Schematic of an electrodeposition process.

In electrodeposition of metal or metal alloy, according to requirement one
can use two types of anodes: (a) sacrificial anode and (b) permanent anode. The
sacrificial anode is a dissolvable anode and it is made up of metal being deposited
on the cathode. During electrodeposition process, sacrificial anode sacrifices itself
and provides the metal ions to the electrolyte. On the other hand, permanent anode
or inert anode is generally made of platinum and carbon. This type of anode is
employed only to complete the electrical circuit. It does not give any metal ions to
the electrolyte during electrodeposition process. The cathode is the substrate on
that deposition is carried out.

Electrolytes used for deposition of gold nanostructures are generally cyanide
and noncyanide based. Gold is present in these electrolytes primarily in the oxida-
tion states like +1 and +3. The [Au(CN),] " is the most commonly used gold complex
for the deposition of gold. This complex has the stability constant of 10* and the
oxidation state of +1. One more frequently used gold complex is anionic chlorocom-
plex [AuCly]™ in hydrochloric solution which exists in the +3 oxidation state. The
other popular complexes of gold are gold sulfite [Au(SO;),] ~3and gold thiosulfate
[Au(S,05),]7. Stability constant of gold sulfite and gold thiosulfate are 10" and
10%8, respectively [1].

Most of the electrodeposited gold coatings have some degree of compressive/
tensile residual stresses. The residual stress of gold coating is unwanted for its appli-
cation in the MEMS. Because the residual stresses create curvatures in the coating
which provide the most prone sites for creation of nano/microcracks. Also, chances
of delamination of the coating from the substrate increases due to the presence of
residual stresses on it. Presence of high level of residual stresses in the gold coatings
also leads the risk of breakage of the wafer during handling. Therefore, minimiza-
tion of residual stresses in the electrodeposited coating is an essential requirement
for its application in the fabrication of coating based devices. It is found that the
residual stresses in deposited coatings can be controlled by changing the electro-
deposition process parameters. It has been reported in scientific literature that the
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developed residual stresses in electrodeposited coatings are the function of current
density [10-12], electrolyte temperature [12], coating thickness [10], cathode agita-
tion [4], and brighteners [12]. The developed stress in the deposited coatings can be
calculated by using the Stoney’s formula for thin film. For this purpose, the wafer
curvature before and after the deposition is measured by using a profilometer. The
load and scanning speed is kept fixed during the curvature measurement. Stress in
the film is expressed by Stoney’s formula given in Eq. (3) [13]:

Ehlk
O = SR (i-vy) ®)

where oy is the stress in the coating, hy is the thickness of the coating, hg thick-
ness of the substrate, Eg is Young’s modulus of the substrate, k is the curvature
difference between the coating and substrate, and v is the Poisson’s ratio.

Normally, two types of electrodeposition methods for deposition of gold
nanostructures, namely: (a) DC electrodeposition and (b) pulse electrodeposition.
In this chapter, we will be focused on DC electrodeposition method for deposition
of gold nanostructures.

3. Gold electrodeposition solution

As the gold is one of the costliest metal, therefore, it is necessary to identify the
best and suitable electrolyte solution to reduce the deposition cost of the desirable
gold nanostructures by electrodeposition. The first trace of deposition of gold
onto the silver substrate by the electrodeposition process can be found in work of
Italian chemist Luigi Brugnatelli in 1805 [1]. A wide range of suitable electrolytes
for deposition of gold with nanostructures have been identified by researchers so
far (see Table 1). For the deposition of nanostructured gold, the electrolyte baths
have been classified into different classes such as cyanide-based and noncyanide-
based electrolytes. Cyanide-based electrolyte could be operated at acidic (pH value
less than 7), neutral (pH value equal to 7), or alkaline (pH more than 7) pH’s. The
deposited nanostructured gold from this electrolyte can be soft or hard. On the
other hand, noncyanide-based electrolytes could be operated only at neutral or
alkaline pHs. And, deposited gold by these electrolytes is soft [18]. The hardening
of deposited gold occurs due to the co-deposition of gold with metals such as nickel,
cobalt, and iron. The co-deposited metals such as nickel, cobalt, and iron are known
as hardening agents.

Traditionally, classical cyanide-based electrolyte bath is most frequently used
for the deposition of nanostructured gold. From this electrolyte bath, the deposited
gold coating is either pure or may contain an impurity of some other metals such
as silver, nickel, cobalt, and copper. Co-deposition of these metals in the deposited
gold could alter its color. Furthermore, the cyanide-based electrolyte is highly toxic.
The other problem associated with electrodeposition of gold using cyanide-based
electrolytes is that they often incompatible with positive photoresist [17]. The elec-
trolyte attacks the interface between the resist film and the substrate which leads to
change in the geometry of pattern of the desired component in MEMS that created
in the photoresist. The component has a different shape and size after the electrode-
position. Therefore, researchers and scientist are looking to develop an electrolyte
bath that is nontoxic and compatible with microdevice manufacture such as the
conventional photoresist used to delineate bump pattern.

A sulfite-based electrolyte bath is alternatively used for the deposition of the
nanostructured gold in MEMS applications. Sulfite based electrolyte has been
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Type Composition pH Temperature Current Substrate
(°C) density
(mA/cm?)
Dicyanoaurate KAu(CN),: 12 g/L - Room <0.25 Cu
bath [14] Citric acid: 40 g/L temperature
NH,-citrate: 40 g/L
Sulfite bath [4] Commercially 9.5 22-60 1-5 A seed layer
solution: Metalor of Auon
ECF 60 Si-wafer
Cyanide bath [2] Commercial - 45-75 1-7 Seed layer
solution: of Cr/Au on
ATOTECH™ gold Si- wafer
potassium cyanide
Cyanide bath [8] K[Au(CN),]: 10 g/L - 55 - Transparent
KH,PO,4:100 g/L conductive
oxide glass
(glass/
SnO,:F)
Sulfite bath [15] Na;Au(SO3),: 9 23 15 Seed layer
0.080 mol/L of Auon
Na,SOs: 0.32 mol/L Si-wafer
TLSO4: 1 mmol/L
Chloride bath [16] HAuCl,: 0.02-0.20 7 30 - ITO glass
mmol/L
Chloride bath [9] HCIO,: 01 M - - - ITO glass
HAuCl,: 4-40 mM
Sulfite bath [17] Technigold 25E 6.5 35 1-4 Copper
beryllium
alloy strip
Table 1.

Electrolyte solution and some parameters of Au-electrodeposition.

known since 1842. This bath consists of gold(I) sulfite complex ([Au(SO;),] ).
However, the major issues associated with sulfite-based electrolytes are its
solution solubility and instability under neutral or slightly acidic conditions
necessary for optimum resist compatibility [19, 20]. Sulfite-based electrolyte
bath without stabilizing agents suffers instability due to low solubility constant
(10") as compared to cyanide complex, [Au(CN),]~ which has a relatively higher
stability constant, 10% [1, 18]. When alkaline soluble positive resists are used in
an alkaline condition (pH 8.5-10), another problem of mixing of a significant
amount of contamination of organic compound in gold coatings arises. Because,
in alkaline condition, the positive photoresist dissolves with a slow rate, as a result
of this, contamination of organic compound is mixed with deposited gold [21]. To
solve this issue, the sulfite-based electrolyte is operated preferably in the neutral
or acidic medium. Stabilizing additives such as the polyamine aromatic nitro
compound and 2,2'-bipyridine are used to stabilize the electrolytic bath in the
neutral or acidic medium [18, 21]. The polyamine such as ethylenediamine helps to
operate the electrolyte at lower pH range of 5-8. With a combination of ethylene-
diamine and nitrobenzene, the electrolyte bath could be operated at pH value as
low as 4.0-6.5 [18].

Many cyanide and noncyanide-based electrolytes are now commercially avail-
able and actually being in the industry to synthesize nanostructure gold deposits
with desired properties.

25



Novel Metal Electrodeposition and the Recent Application

4. Electrodeposition of zero-dimensional gold nanostructures

The gold nanoparticles are used in photo-electrical accessories, biochemical
sensors, electrocatalytic activity, etc. By variation of the size and density of the
nanoparticles, the performance of these devices can be altered. Dolati et al. [22]
produced the gold nanoparticles by using the electrolyte of chloride solution (1 mM
HAuCly, 0.5 M H,SO,) of with cysteine additives. Cysteine (2-amino-3-mercap-
topropanoic acid) is a complexing agent which provide helps to deposit the gold
particles on the surface of cathode separately. Cysteine also acts as a grain refining
agent in the gold nanoparticle deposition. Gold nanoparticles can also be produced
by using an electrolyte of chloride solution, as reported by Zhu et al. [23]. They
deposited gold nanoparticles on NH,-reduced graphene oxide (rGo-NH,). This
modified electrode is used for the determination of adenosine triphosphate. The
determination limit of these electrodeposited gold nanoparticles on rGo-NH, shows
arange from 10 pM to 100 nM.

The morphologies of the deposited gold nanoparticles can be controlled by
the deposition parameters. Zhang et al. [24] explored the influences of current
densities on the sizes of the deposited gold nanoparticles. They deposited arrays of
gold nanoparticles on an indium tin oxide (ITO) glass, as shown in Figure 2. It was
observed that the particle size decreases with increasing applied current densities.
Moreover, the particle densities were found to increase with increasing current
density. At the current density of 5.92 mA/cm?, the mean size of particles was about
18 nm with broader size distribution and low particle density. When the current
density was decreased to 0.75 mA/cm?, the particle size was increased with broader
size distribution. At the current density to 0.3 mA/cm’, only very few big particles
were obtained (see Figure 2(b)). These results suggest that the overpotential at
cathode would decrease with a decrease in the current density, as a result of this,
the rate of nucleation become slower. Therefore, the current density is an important
factor to control the particle size and density distribution.

The morphology and the particle size of the gold nanoparticles can also be modi-
fied by changing the electrodeposition time. El-Said and Fouad [25] deposited the
gold nanoparticles on the ITO substrate by using electrolyte of an aqueous solution
of 1 mM HAuCl,. The authors observed that the particle size of the deposited gold
nanoparticles increases with increasing the deposition time from 5 to 15 s, however,
the morphology remains unchanged. On further increase of the deposition time to
20 s, a change in the morphology from nanospheres to the nanostars was observed.
Again, the morphology of the nanostars remain unchanged for the deposition time

- - — 5 r
(50 000 100wm WD 7. 6mn 30,000 100mm

Figure 2.
SEM micrographs of gold nanoparticles deposited on the ITO glass substrate at (a) 11 mA/cm* and (b)
0.3 mA/em’ [24].
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25 and 30 s, however, a slight increment in their diameters was observed. A similar
type of variation in sizes of gold nanoparticles with respect to deposition time also
reported by Sakai et al. [26]. Dependence of particle size on the deposition time
can be explained as follows: (a) During the electrodeposition process, formation
of nanoparticles starts by nucleation of nuclei on the substrate; (b) The rate of
nucleation is faster at the beginning of electrodeposition process; (c) As electrode-
position process proceeds, growth of these nuclei take place; (d) After prolonged
deposition time, the whole surface of the substrate is covered by gold nuclei, the
rate of nucleation of new nuclei decreases at this stage; (e) After filling of the sub-
strate surface from the nuclei, the growth of nuclei takes by the diffusion process.

5. Electrodeposition of one-dimensional gold nanostructures

Recently, one-dimensional metallic nanostructures such as nanorods, nano-
tubes, nanowires have received the considerable attention of material scientists
due to their unique properties and exciting applications in the field of magnetic
storages devices, optoelectronic, cooling system, etc. [27]. One-dimensional gold
nanostructures can be synthesized by photolithography and template-based elec-
trodeposition techniques. The photolithography technique is costly due to the high
equipment cost, photoresist and developer consumption, high mask cost, etc. For
the production of nanorods and nanotubes of different sizes, different masks are
required which increase production cost. Despite high production cost, the photo-
lithography technique has emerged as a widely known technique for the production
of different sizes of one-dimensional nanostructures such as nanorods and nano-
tubes. Unlike of the photolithography technique, template-based electrodeposition
technique is a simple approach to produce one-dimensional nanostructures in
relatively lesser production cost. The porous aluminum oxide (AAO) membranes
are most widely used as templates to produce nanostructures. The structure of
AAO membrane is regular hexagonal arrays. Figure 3 shows schematics of the
formation of gold nanotubes in AAO membrane. As, it is clear from the schematic
diagrams that the morphology of the nanotubes progressively changes from hollow
nanotubes to the solid nanotubes with progress in deposition time. The change in
the morphology of the nanostructures strongly depends on the electrodeposition
process parameters. Template-based electrodeposition technique provides a good
control over dimensions of the target, and it can be used to produce a wide range of
materials with aligned structure [27].

In template-based electrodeposition technique, before starting the electrodepo-
sition in the template, the template is pre-processed. A thin layer of the conductive
layer is sputtered on the bottom side of the template. This conductive layer makes a
bridge over the pores and pores remain open. After that, the template is soaked in
the deionized water for a certain period by ultrasonication. After ultrasonication of
the template, electrodeposition is performed on it.

AAQ template wall

Gold nanotube

ad U | nd | 1]

* o - W

Figure 3.
A schematic diagram of the formation of gold nanotubes from hollow morphology to the solid morphology.
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A lot of research has been dedicated to produce the gold nanotubes and nanorods.
Wang et al. [27] produced the gold nanowires with tubular-rod structure by the elec-
trodeposition process using the AAO membrane as a template. The average diameter
of gold nanowires was about 180 nm and the average height was about 60 pm. The
average diameter of the gold nanowires was found to be the same diameter as the
average diameter of the pores of the template. To produce this nanostructure, a layer
of the platinum on the bottom side of the AAO membrane template was deposited by
the sputtering. The sputtering current was 45 mA and the deposition time was 150 s.
For the electrodeposition of gold nanowires, chloride solution (5 g/L HauClys3H,0,

2 g/LEDTA, 65 g/L Na,S0s, 12.5 g/L K,HPO,) was used and the deposition current
density was 4.5 mA/cm”. EDTA is a polyamino carboxylic acid and it acts as a chelat-
ing agent. Polycarbonate templates can also use for the production of gold nanotubes.
Mollamahalle et al. [28] successfully electrodeposited gold nanotubes in polycarbonate
templates with different lengths even as long as the template thickness (see Figure 4).
But, for the electrodeposition of long gold nanostructures, the major problem found to
be associated with polycarbonate template was the occurrence of blockage of the pores.
To eliminate this problem, a coupling agent was used. The coupling agent 3-aminopro-
pyltriethoxysilane (APS) was used to functionalize the pore walls of the template. By
the ethoxy groups, the APS molecules are easily attached to the hydrophilic pore walls,
while amino groups are faced in the electrolyte. Amino groups have a strong tendency
to attract the gold ions which enhance the growth of deposit in the vertical direction

of the pores by suppressing growth in the radial direction. A cyanide-based electrolyte
was used for the deposition of these gold nanotubes. After electrodeposition of the
gold nanotubes, the template was cleaned by using the deionized water to remove any
residual impurities on the surface of it. Finally, the template was dissolved in a CH,Cl,
solution for 30 minutes to obtain gold nanotube for further characterization.

The length of the gold nanotubes can be controlled by the electrodeposition
parameters such as the deposition time, deposition potential, deposition current
density, and the electrolyte concentration. Yang et al. [29] studied the effect of the
deposition potential and time on the morphology of gold nanotubes which was elec-
trodeposited by using chloride solution in the AAO templates. Growth directions
of the gold nanotubes were both along the length as well as along the thickness.
However, the preferred growth direction was the thickness of gold nanotubes (see
Figure 3). The morphology of the gold nanotubes was changed from hollow to solid
nanotubes when the electrodeposition time proceeded. Tian et al. [9] reported the
electrodeposition of rod-like gold nanostructures from a chloride solution (0.1 M
HCIO,, 4-40 mM HAuCl,) without using the template. The rod-like nanostructures
(100 nm wide and 200-300 nm long) were obtained by applying the negative

Figure 4.
(a) SEM micrograph of gold nanotubes and (b) TEM micrograph of individual gold nanotube [28].
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potential of —0.08 V versus Ag/AgCl. The authors observed a change in morphology
of rod-like nanostructure of the gold in changing the electrodeposition parameters
such as electrolyte concentration and potential. The rod-like morphology was
changed to nanopyramidal nanostructures (50-200 nm edge length at the bottom
and several hundreds of nanometer in height) when the concentration of HAuCly
was increased from 4 mM to 40 mM. On the other hand, spherical nanostructure
morphology (70-100 nm in diameter) was obtained when the potential increased
from —8 to —2 V keeping the concentration of the HAuCl, at 40 mM.

6. Electrodeposition of two-dimensional gold nanostructures

In recent years, gold thin films have finds several technological applications in
MEMS, optoelectronics, and electronics industries. To enhance the applicability and
suitability of gold nanostructure films in the above-mentioned fields, modification
of morphology of deposited nanostructure is required to achieve desired properties.
Nowadays, there are wide varieties of a thin film of gold deposition methods based
on high vacuum, such as sputtering [5], evaporation [6], molecular ion beam [7],
and without vacuum such as electrodeposition [2, 4, 14], electroless deposition
[30]. Among these methods, electrodeposition method has grown rapidly in recent
years due to its time efficiency, cost-effectiveness, and absence of vacuum technol-
ogy. In this method, the morphology of the deposited gold nanostructure film can
also be easily controlled by varying the electrodeposition process parameters. Some
of the crucial process parameters influencing the morphology of gold nanostruc-
tures films are discussed in given below sub-sections.

6.1 Cathode agitation

During the electrodeposition, the vicinity of mass in the electrolyte near the
cathode surface takes place with deposition time. The vicinity of mass leads the
poor quality of coating such as (a) phase change, (b) composition variation in coat-
ing across the thickness, (c) influence of the stress [12]. The mass transport in the
electrodeposition process influences the properties of the coated films or layer [31].
This transport phenomenon could be controlled by the cathode agitation or electro-
lyte agitation. The cathode agitation can be achieved by the slider-crank mechanism
while the electrolyte agitation is achieved by a magnetic stirrer. If the instantaneous
linear velocity of the cathode agitation is sinusoidal, then the root mean square
velocity of the crank is given by Eq. (4) [4].

)
VUpps = N3 (4)

where v, is the root square velocity of the crank, » and w are the radius and
angular velocity of the crank, respectively. The cathode agitation affects the
intrinsic stress in the coated gold film. Intrinsic stress decreases with increasing the
agitation speed (vyms) [4]. Therefore, cathode agitation could be used as a parameter
to control the stress in the gold film.

6.2 Current density

Current density also plays a crucial role in the creation of stresses in the depos-
ited gold film during the electrodeposition process. Pu et al. [4] studied the effect of
the current densities on the stresses generated on the deposited gold film during the
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electrodeposition process. They investigated this, at the range of current densities
from 1.0 to 5.0 mA/cm’. The electrolyte temperature and the film thickness were
maintained at 55°C and 0.7 pm, respectively for each value of current density. The
observed effects of current densities on the generated stresses of the deposited
films are shown in Figure 5. The results showed that the deposited gold films have
compressive stresses of range — 35 to 103 MPa within the range of deposition current
densities from 1.0 to 5.0 mA/cm’.

It is also reported in the scientific literature [32, 33] that the current density plays a
very important role in the occurrence of a transition in growth mode of deposited nano-
structured film. Furthermore, the generation of compressive stresses on the deposited
gold film can also be evaluated on the basis of its growth mode and incorporation of
impurities on it during the electrodeposition process [34, 35]. The adatom insertion
into the grain boundaries and inclusion of impurities in the deposited film during the
electrodeposition process together are the main suspected sources of generation of
compressive stresses on it. However, the relative contribution of these two factors on the
generation of compressive stresses on the deposited films is difficult to calculate.

In another study, reported by Kal et al. [2], it was observed that the deposited
gold films have tensile stresses when the cyanide-based electrolyte is used. They
studied the effect of current densities on the stresses of the deposited films at
different annealing temperatures. The results obtained are shown in Figure 6. It
is interesting to note that the observed trends in stresses with current densities
are similar in natures at different annealing temperatures. However, the stresses
are sufficiently high at relatively higher annealing temperatures. The result shows
that at low current density, the tensile stress value is low and it increases with an
increase in the current density till 4 mA/cm?, after that it starts to decrease in the
further increase in current density at different annealing temperatures. At higher
annealing temperature, the grains of the deposited film re-arrange themselves with
considerable growth in their sizes. While coming back to room temperature after
the annealing, the film structure relaxes. As the thermal coefficient of expansion
of the film and substrate is different, the substrate and the film cool down with a
different rate that leads to the creation of tensile stresses in the film [36].

In both the results (Figures 5 and 6), the behavior of the observed stress with
current densities are similar, but, the type of stresses generated in the films are
different due to differences in employed electrolytes. Therefore, the nature of the

Current Density [mA/cm?]
0.0 1.0 2.0 3.0 4.0 5.0 6.0
0 T T T T
Temp. =55°C :
20 I Authickness, h,= 0.7 um
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Figure 5.
Effect of current density on the stress of the Au-coated film [4].

30



Morphology Controlled Synthesis of the Nanostructured Gold by Electrodeposition Techniques
DOI: http://dx.doi.org/10.5772/intechopen.80846

as plated
B100C
+250C —

Ay, |ea00c

-
&
I

Stress (Mpa)
8 o 228288888

rffzaa,as?s

Current Density (mA/cm?)

Figure 6.
Stress variation with current density at different annealing temperature [2].

generated stresses on the deposited films can be controlled by changing the current
density and electrolyte.

The magnitude of generated residual stress in the gold film can also be controlled
by adding the suitable stress-relieving additives in the electrolyte bath. Kelly et al. [17]
studied the behaviors of stresses generated in the deposited films with and without
adding stress-relieving additives in the electrolyte bath. It was observed that the films
deposited without additives in the electrolyte bath had high tensile stresses within the
range of 50-80 MPa at the current densities of the range of 1-4 mA/cm’. However, with
the addition of stress-relieving additive of 25 ppm arsenic ions in the electrolyte bath,
the values of stresses in the deposited films were found to decrease with increasing
current densities. In this case, at the current densities of the range of 1 to 4 mA/cm?,
the values of stresses generated in the films were within the range of —10 to —40 MPa,

Figure 7.
Plan-view TEM-BF micrographs of gold films deposited at a current density value of 2 mA/cm®. Micrographs
(a) arsenic-free film and (b) 25 ppm arsenic-containing gold film [2].
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respectively. Figure 7 shows representative the bright field TEM micrographs of the
gold film deposited at the current density 2 mA/cm? with and without arsenic content.
As it is obvious from the TEM micrograph that the arsenic-free film reveals the pres-
ence of a high level of porosity (white tinny spots of nanometer range are believed to

be nano-pores), twins, and dislocations with moderate (111) orientation. On the other
side, the TEM micrograph of the arsenic-containing gold film reveals strong preferred
(111) orientation with the relatively lower level of twins, dislocations, and pores. These
results indicate that the observed microstructural change in the deposited gold films
with and without stress-relieving additives in the electrolytic baths occurred due to their
different growth modes which generate different levels of stresses in the final product.

6.3 Electrolyte temperature

The temperature of the electrolyte is also a very important parameter that influ-
ences the morphology of the deposited gold film. de Sd et al. [37] studied the effect
of electrolytic temperature on the microstructural (morphological) evolution in the
deposited gold films at a constant applied potential (-1 V) and a deposition time
(1500 s). They employed pyrrolidinium-based ionic liquid electrolyte for the exper-
iments. Figure 8 shows SEM micrographs of deposited gold films that obtained
at different temperatures (293, 333, and 353 K) of the electrolytes and a constant
applied potential (-1 V) and deposition time (1500 s). As it is revealed by the
micrographs that the continuity and the particle size in the deposited films increase
with increasing temperatures of the electrolyte. At relatively higher electrolyte
temperatures (333 and 353 K) the particles of deposited gold films were continuous,

: =100 nm

Figure 8.
SEM micrograph of gold films deposited at the potential of —1 V during 1500 s at different temperatures of
(a) 293K, (b) 333 K, and (c) 353 K [37].
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while at a relatively lower temperature (293 K), the particles in the obtained gold
film were discontinuous and poorly adherent with each other. Deposited films have
acicular particles with a dendritic kind of morphology on the top surface of the
globular film. At a relatively higher temperature of the electrolyte, the deposited
film has large dendritic particles with well-developed primary and the secondary
arms (see Figure 8(c)). The primary arms of the dendrites develop in <100> direc-
tion while the secondary arms in <111> directions [37, 38].

A similar type of morphology of the particles in the deposited film is also reported
by Oyama et al. [39]. They deposited gold film by using an electrolyte solution of
NaAuCl4/EMI-BF4, the deposition potential of —1 V, and the deposition time of
1000 s. The dendritic gold nanostructure could be grown by increasing the deposi-
tion time. The formation of dendritic morphology of the gold nanostructure could be
attributed to the prolonged deposition time. The formation mechanism of dendritic
nanostructures can be explained by the anisotropic crystal growth and diffusion-
limited aggregation (DLA) model [40, 41]. This model says that in the electrodeposi-
tion process of the gold nanostructure films on the substrate, initially Au** ions in
the electrolyte rapidly reduces and forms the gold adatom. As deposition proceeds, a
large number of gold nuclei accumulates on the surface of the substrate and further
grow to form nanoparticles of the gold. These gold nanoparticles hit and stick to each
other and form a growth core. The gold nanoparticles accumulate continuously on
the growth core and form a backbone of the dendrites after sufficiently large deposi-
tion time. As the deposition time becomes prolonged, the concentration of gold salt
in the electrolyte decreases. This leads to the formation of new gold nanoparticles
which attaches to the surfaces of the dendritic backbone. This oriented attachment of
gold nanoparticles in the dendritic backbone looks like new shorter branches [42].

7. Conclusions

In this chapter, an overview of the morphology controlled synthesis of zero-dimen-
sional, one-dimensional, and two-dimensional gold nanostructures by electrodeposi-
tion techniques are discussed and presented. Furthermore, the information related to
effects of the electrodeposition process parameters (such as current density, deposition
time, concentration and nature of electrolyte) in the morphologies of nanostructured
gold deposits are provided in detail. Based on the observations of above discussed
experimental works of the electrodeposition of the nanostructured gold reported by
different groups of researcher the following general conclusions can be drawn.

1. The properties of the electrodeposited nanostructured gold can be simply
controlled by tuning its morphology. And, the morphology of the deposited
gold can be tuned by changing the electrodeposition process parameters (such
as current density, composition, and pH of the electrolyte, addition of suitable
additives in the electrolyte, temperature of electrolyte, etc.).

2. The morphologies of the nanostructures gold strongly depend on the nature
of the electrolytes used for the electrodeposition process. A cyanide and a
noncyanide based electrolyte are found to be suitable for the deposition of the
nanostructured gold of different morphologies. The problem associated with
the cyanide-based electrolyte is its toxicity and incompatibility with positive
photoresist. These problems can be eliminated by replacing cyanide-based
electrolyte with an alternative noncynide-based electrolyte.

3. The morphology and the size of the electrodeposited gold nanoparticles can
be controlled by the applied current density and the electrodeposition time.
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The particle size of the deposited gold decreases and their density increases
with increasing the current density. The particle size of the deposited film
also increased with increasing the temperature of the electrolyte. At relatively
prolonged deposition time, the growth of the well-developed dendritic kind of
morphology in the deposited gold nanostructured film is favored. The lengths
and morphologies of the one-dimensional gold deposit such as nanotubes

can also be controlled by the deposition time. The length of the nanotubes
increases with increasing deposition time. At prolonged electrodeposition
time, the morphology of the gold nanotubes changes from hollow to solid
nanotubes. The morphology of the one-dimensional nanotubes also changes
with changing the concentration of the electrolyte.

4. The stress generated in the gold deposit is unwanted for their application. The
generated stresses in the gold deposit can be controlled by the applied cur-
rent density, nature of the used electrolyte, cathode or electrolyte agitation
and post-deposition annealing treatments. The internal stresses increase with
increasing the current density, and above the certain current density, the internal
stresses start to decrease. The internal stresses in the deposited structures can be
minimized by the application of agitation of the electrolyte. The internal stresses
reduce with increasing the speed of agitation of the electrolyte by a magnetic stir-
rer. Also, the stresses in the deposited film can be decreased by post-deposition
annealing of the film at a relatively lower temperature. Furthermore, the stresses
in the deposit can also be minimized by adding some suitable additives such as
arsenic ions in the electrolyte.
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Chapter 3

Cu Wiring Fabrication by
Supercritical Fluid Deposition for
MEMS Devices

Eiichi Kondoh

Abstract

Process technologies that use supercritical CO, fluids to fabricate high-
aspect-ratio three-dimensional nano- and micro-components are described.
Supercritical CO, is a state of CO, above the critical point. Supercritical CO, fluids
are used as alternatives to common media (gases and liquids) in MEMS device
fabrication to both overcome the drawbacks of these materials and to realize a
superior three-dimensional process opportunity. Supercritical fluids behave as both
gases and liquids, offer many of the advantages of both, and have zero surface ten-
sion. Supercritical fluids are an ideal medium for fabricating very high-aspect-ratio
features owing to their superior capability of diffusion transport. As MEMSs have
complex and high-aspect-ratio structures, using a supercritical fluid as a process
medium in MEMS fabrication provides ideal performance in film coating, plug
filling of concave features, and the etching/cleaning of residues. In this chapter,
the physicochemical properties of supercritical fluids are first described in terms
of MEMS processing, but from a different point of view than that of the common
literature on supercritical chemical processing. Next, various applications to thin
film processing are described with a focus on interconnect/wiring fabrication of
MEMS devices.

Keywords: supercritical fluid, carbon dioxide, electroplating, thin film deposition,
interconnect, wiring, electrode

1. Introduction

In MEMS devices, high-aspect-ratio three-dimensional components are
employed, and their sizes vary from the nm-scale to the mm-scale. Interconnects
and conductor wiring/electrodes are not exceptions.

Si micromachining is a key MEMS technology. Si micromachining has been
developed and expanded based on Si integrated circuit fabrication technologies.
The step that applies electrically-conductive components to a non-conductive sur-
face is called “metallization”. In Si processing, metallization refers to process steps
that place wiring or interconnects on the Si device surface. Vacuum evaporation was
employed in the early era of the Noyes patent [1]. Sputtering was soon introduced,
and is now the most commonly used metallization process. The progress of Si
large-scale integrated circuit (LSI) technology was accomplished in large part by
the advancement of vacuum and dry process technologies.
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This paradigm changed drastically in 1987 when IBM released Cu metallization
technology for ultra-large-scale integrated circuit (ULSI) fabrication. As the dry
etching of Cu is not straightforward, Cu is electroplated into trenches or vias—a
via is a vertical hole that connects upper and lower layers of horizontal wiring—,
and the excess Cu is removed by chemical mechanical polishing (CMP). The
significance of this is that wet technologies, which were used only for cleaning in
advanced ULSI manufacturing, were introduced to metallization. ULSI intercon-
nect metals other than Cu, such as Co and Ru, are now deposited by electrochemical
deposition, but vacuum processes are also commonly used in ULSI metallization.

Process scientists and engineers have long used gas, vacuum, and wet technolo-
gies in USI metallization, utilizing their advantages and minimizing their draw-
backs. But what comes next? If vacuum or wet processes impose limitations, what
can be done?

MEMSs have more various and complicated structures than LSIs, as their dimen-
sions, operating principles, and functions vary enormously. Wiring that intercon-
nects sensors, actuators, and electronic components takes on different dimensions
and shapes, and substrate materials also vary from semiconductors, ceramics, and
glasses to polymers. This diversity sometimes challenges the limitations of existing
wet and dry processes.

Fortunately, the use of supercritical CO, fluid can help to solve some of these
issues. Supercritical CO; is a fluidic medium that is neither a gas nor a liquid. It
has solvent capability and zero surface tension. The application of supercritical
CO; to LSI processing was attempted for drying [2] and cleaning [3] in the 1990s.
Moreover, supercritical CO, was commonly used for sticking—/stiction-free dry-
ing, which was the simplest application of supercritical CO, because no additional
chemicals or gases must be added to the CO, and the operation temperature is not
very high.

This section describes the use of supercritical CO, in metal deposition. Cu and
related metal deposition is reviewed along with data regarding the fabrication of
wiring and interconnects.

2. What is supercritical CO, fluid?

Figure 1 shows a phase diagram of CO, and depicts the motion of CO, mol-
ecules. The phases (liquid, gas, solid) of a substance are uniquely defined as a
function of pressure and temperature. The phase diagram maps the regions of
the phases, and the borders between the phases are called equilibrium lines. The
gas-liquid equilibrium line dead-ends at the upper-right, and this point is called the
critical point. Above the critical point, the substance behaves as a homogeneous and
continuous fluid, neither as a gas nor as a liquid, and this fluid is called a super-
critical fluid. The critical point of CO, is 7.38 MPa and 31.1°C [4]. CO, has a lower
critical pressure and temperature than most other industrially-used supercritical
fluids such as H,0.

Superecritical CO, fluid has the following superior characteristics: (1) nano-
penetration capability comparable to that of a gas, (2) solvent and cleaning capabil-
ity comparable to a liquid, (3) inert, stable, and safe, (4) zero surface tension, and
(5) recyclability. It has been used industrially for the extraction of caffeine, edible
oils, essential oils, and aromatic substances. Supercritical CO; has also been widely
used in electron microscopy to dehydrate biological tissues. This technique is called
“critical point drying” and is an essential technique used to prevent the shrinkage of
tissues during drying. Table 1 lists several important properties of gas, liquid, and
supercritical CO, fluids.
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Figure 1.
Conceptual phase diagram of CO, and a depiction of the motion of molecules.

Density Viscosity Thermal conductivity Diffusion
(kg/m3) (kg/m/s) (W/m/K) constant (m?/s)
Liquid 1000 1073 06 10°~°
Supercritical 100 3x107° 0.1 1077
fluid
Gas 0.7 1x107° 0.03 107
Table 1.

Properties of gas, liquid, and supercritical carbon dioxide fluids.

Several uses of supercritical CO, in microelectronics manufacturing have been
proposed, such as wafer cleaning and high-aspect-ratio photoresist drying, as
mentioned above. In metallization or wire formation, the deposition of highly-
conductive metals is of concern. Besides vacuum technology, there are two other
commonly used categories of technology for the chemical deposition of metals.
One is electrochemical deposition; in our case, electrodeposition (electroplating),
in which a thin metal film is formed from metal cations. The other is chemical
deposition, in which a thin metal film is formed from metal-containing molecules.
Furthermore, electroless deposition can be employed, and will also be discussed.

3. Electrochemical deposition
3.1 Catalyst seeding for electroless plating

Electroless plating is a series of non-galvanic reactions proceeding thermo-
chemically in an aqueous solution. A noble metal catalyst is necessary to start the
reactions, in which metal cations are reduced to zero-valence metal atoms by a
reduction reagent added to the electrolyte. One very strong advantage of electroless
plating is its ability to metallize non-conductive substances such as polymers and
glasses. In MEMS devices, electroless plating has a large advantage in fabricating
actuators and flexible devices that use polymers as a supporting component.

The adhesion of metals to polymers has been a serious issue in polymer metal-
lization, as the attractive forces between metals and polymers are generally weak.
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Moreover, the difference in thermal expansion coefficients between metals and
polymer is large, which can induce significant internal shear stress at the interface.
Metal-polymer delamination can easily occur by either effect between the polymer
and the electroless-plated metal or between the polymer and the seeded noble
metal catalyst. When the components are large, such as in the automobile industry
or in commodity manufacturing, the polymer surface can be roughened by chro-
mic or manganese acids, greatly enhancing adhesion. This is frequently referred

to as the “anchor effect”. However, in MEMS and/or microelectronic applica-

tions, nanometer precision is required, and such brute force methods cannot be
employed.

The use of supercritical CO, to catalyze the polymer surface has been proposed.
Supercritical CO, has a high-diffusivity as well as a low viscosity. It is a non-polar
hydrophobic fluid and functions as a plasticizer for hydrophobic polymers [5, 6].

In addition to these characteristics, supercritical CO; is a solvent that can dis-

solve hydrophobic organic compounds, including organometallic complexes.
Organometallic complexes that have ligands containing a large alkyl group or

a fluorinated group have a higher solubility in supercritical CO,. For instance,
dimethyl(cyclooctadiene)platinum II and hexafluoroacetylacetonatepalladium
(Pd(hfac),) are known to have high solubility [7]. These dissolved compounds will
diffuse towards the free volume of a polymer that has been swelled in supercritical
CO,.

Noble metal complexes can function as catalysts for electroless plating; however,
as free metals offer superior catalytic performance, these organometallic com-
pounds are thermally decomposed or reduced by a reduction reagent. One example
of this type of reaction is:

Pd (hfac), + H,>Pd + Hhfac 1)

Byproducts of this type of reaction dissolve better than the organometallic com-
pounds, therefore, they do not reside in the polymer. Free metal atoms form clusters
and/or nanoparticles that are dispersed in the polymer matrix [8].

When a polymer treated in this manner is placed in a plating bath, an electroless
deposition reaction starts at the metal catalyst surfaces that are exposed to the bath
solution. As the catalyst metal particles are embedded in the polymer, the adhesion
between the polymer and the plated metal is improved. Dispersion of the catalyst
particles influences the adhesion significantly. The dispersion density and dispersion
thickness are tailored by adjusting the conditions of the injection of the complexes,
such as the concentration, temperature, and CO, pressure. Mixtures of organometal-
lic complexes can also be used.

In this chapter, the application of supercritical CO, fluids for electroless plating
is described. The fluids are used as a medium to provide a catalyst to a non-conduc-
tive surface. The fabrication of Cu-coated aramid fibers [8], liquid crystal polymers
[9], and polymide sheets [10] has been reported. The topic in this chapter does not
include a plating process itself, electroless plating in a supercritical CO,-based fluid
was also reported. The design concept of an electroless plating bath is similar to the
electroplating described hereinafter.

3.2 Electroplating

In electroplating, an external electric potential is applied to a conductive
workpiece in an electrolyte, and a metal film is deposited through electrochemi-
cal reactions. Metal ions (cations) are reduced by the electrons injected from the

surface of the conductive workpiece. Electroplating offers a high current efficiency,
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a large deposition rate, cost effectiveness, low temperature (room temperature)
process capability, and the ability to fabricate three-dimensionally complicated
components, which is called electrocasting. For these reasons, electroplating has
been widely used in various industries to manufacture automobiles, appliances,
machine elements, tools and jewelry. In MEMS fabrication processes, electroplating
is a commonly used technique for metallization, electrode/wiring formation, and
metal component fabrication. LSI Cu metallization and the fabrication of induc-
tors in the pickup heads of magnetic disks are well known nanotech applications of
electroplating.

Supercritical CO; itself is not electrically conductive or polar, and is not miscible
with electrolytes, and Silvestri concluded that supercritical CO, is not appropriate
as a medium for electrochemical reactions [11]. One way of solving this serious
issue is to add a supporting electrolyte to the CO,, and the synthesis of conductive
polymer [12] and Cu plating [13] have been reported.

Sone et al. proposed the use of a supercritical CO,-aqueous electrolyte emulsion
as a medium for electrochemical reactions. Such an emulsion can be formed by add-
ing a surfactant, such as poly(ethylene oxide)alkyl ethers and stirring this mixture
above the critical point of CO, [14, 15]. Before stirring, the CO, and electrolyte are
separated, and an apparently single-phase mixture solution, or emulsion is formed
when the mixture is stirred intensively. Interestingly, this emulsion is electrically
conductive. That is, current paths that connect the anode and cathode exist, and
thus electroplating reactions can occur. Sone named this process “supercritical
nanoplating,” abbreviated SNP hereinafter (Figure 2).

Figure 3 compares the surfaces of electroplated Ni films. The film obtained by
SNP using a usual plating solution (Watts bath) as an electrolyte had a smoother
surface. On the other hand, the film obtained using the Watts bath alone exhibited
pinholes and scratches/grooves. The pinholes originated from H, bubbles at the
cathode surface and the scratches and grooves reflect the surface roughness of the
workpiece. This superior surface smoothness of the SNP sample was thought to be
due to good miscibility between H, and supercritical CO,. The H, bubbles dissolve
in the supercritical CO,, suppressing the formation of pinholes and improving
the surface levelness. The critical role of the supercritical CO, in the SNP was
confirmed by comparing these results with those of another experiment that used
a hexane-electrolyte emulsion—supercritical CO, has a similar solvent capability
as hexane and hexane is also nonconductive—, and the surface topography of that
deposited film was much worse than that shown in Figure 3 [16].

These advantages of SNP are quite attractive for MEMS component produc-
tion. Many MEMS components have complicated three-dimensional topography,

1

Supercritical
CO,

:

Emulsification
by sftirring

Figure 2.
Supercritical nanoplating (SNP). Courtesy of Prof. Masato Sone.
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Figure 3.
Surfaces of Ni films deposited using a usual Ni plating solution (Watts bath, left) and SNP (right). Courtesy
of Prof. Masato Sone.

and this makes it difficult to employ conventional electroplating. The electrolysis
reaction competing with the plating reaction produces gaseous H,, and the result-
ing H, gas bubbles cause pinholes and voids. Void formation is a serious issue in
wiring/interconnect formation, especially for via filling. More H, bubbles or voids
appear when the plating time is longer or the current density is higher. The sizes
of MEMS components are diverse, and a long time and/or a high current density
plating process is needed to fabricate large components, which tends to lead to
void formation. SNP does not generate bubbles, and Ni micro pillars 50-120 pm in
diameter have been successfully formed by electroplating Ni in holes opened in an
SU-8 film [17].

SNP of Cu has also been demonstrated. Cu nanoparticles were co-added to a
plating emulsion to tailor the distribution of the electric field in the emulsion.
Figure 4 shows cross-sectional transmission electron microscope (TEM) images
of Cu-filled LSI test vias 60 nm in diameter and 120 nm in depth. No voids or fill
flaws were observed [18]. The Cu grew from the via bottom, so a bottom-up fill
was performed, and the via consisted of a single grain texture (111). SNP allows the
control of crystallinity by tuning the plating conditions. One difference from ordi-
nary electroplating is that the current path in an SNP bath is generated through the
percolation of micelles of the electrolyte. Electrochemical reactions can occur when
a chain of micelles is incidentally generated and connects the cathode and anode.
This percolation chain is instantly severed, realizing pulse-like electroplating and
leading to improved crystallinity and growth rate. The application of supercritical
CO; fluids to Cu through-Si vias (TSVs) was also reported [19], demonstrating the
versatility of this method.

Figure 4.
Cross-sectional transmission electron microscope (TEM) images of a Cu via. Courtesy of Prof. M. Sone.
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4. Supercritical fluid chemical deposition
4.1 Principle and features

In supercritical fluid chemical deposition, abbreviated SFCD or SCFD, the
deposition reactions proceed thermochemically. The precursor is dissolved in the
supercritical fluid, and the fluid functions as a reaction medium and is not usually
involved in the deposition reaction. This is similar to thermal CVD or metal organic
CVD (MOCVD) using an inert gas as a carrier of the precursor. The precursor
used in CVD is a gas, at least when supplied to the reaction chamber, and therefore
should be volatile. Most metal organic compounds are not very volatile and are
mostly sold, as their molecular weight is large, which often leads to difficulty in
process design and control and in ensuring safety and cleanliness. However, in
SECD, the precursors are dissolved in the supercritical CO, fluid (CO, is commonly
used) and the good diffusivity of the fluid enables conformal deposition and/or
nanofilling, which are crucial for MEMS device fabrication.

For example, a deposition reaction can be stated as:

Cu(hfac), + H,=>Cu + 2Hhfac 2)

for the case of Cu deposition [20], where hfac = a hexafluoroacetylacetonate ligand.
The byproduct Hhfac (hexafluoroacetylacetone) has a higher solubility in supercritical
CO,, which means that this reaction preferentially proceeds to the right, the deposi-
tion temperature is lower than for the same reaction in the gas, and the deposited Cu
contains less impurities. Other noble and near-noble metals such as Ni [21, 22], Co
[21], Pd [23], Pt [24], and Ru [25] can be deposited using similar chemistry. Typical
temperatures and pressures for Cu deposition are 50-250°C, and 10-20 MPa. These
temperatures are higher than those used for supercritical CO, drying and cleaning;
reactive metals are generally not deposited as they react with the CO,. Oxides can also
be deposited in a similar manner through thermochemical reactions in the fluid that
dissolve the precursors. RuOx [25], TiO, [26], SiO; [27], ZnO [28], ALO; [29], Y205
[30], Bi,Os [31], SrO [32], and other oxides and mixed oxides that are deposited by
CVD can also be deposited by SFCD. Figure 5 illustrates the principles of SFCD for
high-aspect-ratio feature filling, and this will be discussed below.

4.2 Film deposition and nano filling

SFCD exhibits superior conformal deposition. The example shown here is the
metallization of glass fibers. A few-mm-thick glass fiber textile was immersed in

Superfillig Dissolution o Metal
Mano features of Precursor Deposition

L |
3

Supercitical CO-

Figures.
Principles of metal filling into small features by SFCD.
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a supercritical CO; solution and Cu deposition was carried out. Figure 6 shows a
cut cross-section after the Cu deposition. Due to good diffusivity and penetrabil-
ity of the supercritical CO,, even the deep interior of the textile was successfully
metallized.

Superecritical CO, is hydrophobic. This means that it can wet deep into compli-
cated structures that have a hydrophobic surface that would repel an electroplating
electrolyte. Figure 7 shows MEMS needles designed for electric bio-tweezers. The
needles are made by filling Cu into a PDMS mother die, fabricated by an ordinary
MEMS pattern transfer process. One challenge in forming this structure is the
coating and filling of Cu into the PDMS while maintaining a sharp tip. One serious
issue in Cu metallization is the formation of a seed (electrode) Cu layer directly on
the needles. Sputtering is not very useful due to the poor conformability of sput-
tering. Moreover, overheating and deterioration of the PDMS occurred due to the
incidence of energetic ions, as PDMS is thermally insulative. Electroless plating
was thought to be a promising alternative technology, but the poor wettability of
the electrolyte was a serious issue preventing good film conformability. Cu CVD
requires a high temperature and poor nucleation due to weak Cu-PDMS chemical
interaction was also problematic. Cu SFCD can avoid all of the above issues. The
surface of the PDMS needles was coated with a thin Cu film by SFCD, and then
Cu was electroplated using the SFCD Cu layer as a seed layer to thicken the Cu
film. The PDMS mother die was detached and self-standing Cu needles remained
(Figure 7).

Figures 8 and 9 shows electron micrographs of Cu filled into test structures of
LSI interconnects (vias and trenches). Nanofeatures with aspect ratios of 10-40
were successfully filled. The superior filling capability of SFCD was demonstrated
by completely filling 2 nm hydrophobic pores (in a porous low-dielectric constant

% égggass + polymer

(a)

Metallization of glass fibers. Illustrated principle (a), cut cross-sections after (b) and before (c) metallization.

Figure 6.
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Figure7.
SEM images of Cu bio-tweezers (a, b) and process steps. (1) glass template, (2) pattern transfer to PDMS,
(3) seed Cu layer formation by SFCD, (4) Cu electroplating, and (5) detachment of PDMS.

Cu fill to SOnm-at-bottom Cu fill to 130nm Cu fill to 2 nm pores
x 2200 nm trenches x 2200 nm vias

-
e
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Figure 8.
Cu filling into nanoscale features for LSI. (a) Cross-sectional SEM image of 50-nm-wide trenches, (b) cross-
sectional TEM image of 130-nm-diameter vias, (c) Cu fill into 5 nm pores.

film) with Cu [33]. Similar outstanding filling capabilities have been repeatedly
reported [34, 35]. Other LSI metallization materials such as Ni and Co demonstrate
comparable superior filling capabilities [22]. The dimensions of LSI interconnects
and wiring are continuously shrinking, while the aspect ratio of the interconnects
is increasing; therefore, SFCD is a very attractive technology for LSI interconnect
fabrication.

SFCD metallization has also been applied to MEMS-based LSI packag-
ing (Jisso) technologies. One example is the metallization of Si through-vias
(Si TSVs) or glass through-vias (TGVs) [36, 37], where high aspect-ratio vias
opened by engraving an Si or glass wafer using micromachining technology were
metallized with Cu. Figure 10 shows a cross-sectional optical micrograph of
Cu-metallized bent TGVs in a glass interposer. The interposer is a small circuit
board that provides interconnects between Si chips attached to it and provides
electrical connections to the printed circuit board on which the interposer is
mounted. Si and glass are promising next-generation materials, and if the vias
can be bended and pass through the interposer, the through-vias will form a faster
and shorter electrical circuit inside the interposer body. The aspect ratios of such
through-vias are extremely high, and it is a serious issue that there is no practi-
cal method to fill the vias or coat the via interior with a diameter of 15 pm and a
length of 2 mm (aspect ratio = 130).
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Figure 9.

Cu filling into deep nanoscale features using different precursors. Dibm = diisobutyrylmethane,
hfac = hexafluoroacetylacetone, dippa = diisopropylpropion-amidinate.

Figure 10.

Cu coating inside TGVs with an aspect ratio of 130. (a) Cross-sectional optical micrograph of a glass interposer,
and (b), (c), and (d) show enlarged views of regions B, C, and D in (a).

5. Advantages of using supercritical fluids

The general advantages of supercritical fluids have already been described
above. Here, we discuss specific advantages over other media (gases and liquids).
First, a supercritical fluid is the best medium for the transport of chemical

precursors by diffusion. Many publications on supercritical fluid processing

have stated that supercritical fluids have a density as high as that of aliquid and a
diffusivity as high as that of a gas. However, as shown in Table 1, the density and
diffusivity of supercritical CO, both have intermediate values, between that of the
gas and the liquid. In contrast, the ability to transport a dissolving substance by

diffusion, or diffusion flux, becomes the highest, as the diffusion flux is a product
of diffusivity and density (see Figure 11).
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Diffusion flux (a) and molecular motions in small features (b) of gas, liquid, and supercritical fluids.

This is analogous to transport on motorways. In a suburban area, the speed
of cars (diffusivity) is high but the number of cars (density) is low, so the overall
transportation volume is low. In big cities like Tokyo, Moscow, New York, and Paris,
the motorways are heavily backed up (high density), and the cars move slowly
(low diffusivity). As a result, the net transportation volume is small. On inter-city
motorways, cars run at a moderate speed (medium diffusivity) keeping a moderate
inter-vehicle distance (medium density), and therefore the transport volume per a
unit time is the highest (Figure 12).

Inside high-aspect-ratio features, diffusion transport is the governing trans-
portation mechanism; other transport mechanisms such as advection are negli-
gible especially, inside nanoscale features. Therefore, the supercritical fluid has
the best ability to transport chemical precursors deep into small high-aspect-ratio
features.
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Figure 12.
Condensation/precipitation of precursor inside nanoscale features upon temperature change in supercritical

medium.
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The second distinct feature of the supercritical fluid is its complicated solubility
behavior. The solubility of a substance in supercritical CO, fluid is a function of
temperature and pressure. At high temperatures, the vapor pressure of the solute
increases, increasing the solubility, whereas the decrease in the fluid density leads
to the decrease in the solvent capability of the fluid, decreasing the solubility. At
higher pressures, the fluid density increases and the solvent capability increases,
although the high pressure can influence molecular interaction and decrease the
solubility. During actual processing, the temperature of the specimen/wafer/
workpiece and the pressure of the fluid inevitably change. Such changes can lead to
precipitation, liquefaction, condensation, and even re-dissolution of the precursor.
Condensation and precipitation occur preferentially in concave nanofeatures, and
once the condensation occurs, the condensed phase will not easily re-dissolve into
the supercritical CO,. The condensed phase finally converts to a solid under proper
reaction chemistry, resulting in nano-filling.

It should be noted that the above phenomena are unique and distinct charac-
teristics of supercritical CO, and do not occur in gas or liquid processes. These
characteristics can be observed in terms of nano-deposition and are not obvious or
common, even to researchers who work with supercritical fluids. Unique physico-
chemical properties of supercritical fluids open possibilities of completely novel
nanofabrication technologies.

6. Summary

This chapter described the leading principles of the formation of high quality,
high aspect ratio, and three-dimensional wiring and interconnects for MEMS and
LSI applications using supercritical CO,. The unique characteristics of supercritical
CO, allow it to meet future requirements for increased complexity, miniaturization,
and scale divergence of MEMS components.

Common sense as applied in semiconductor wet and dry processes is not
applicable in designing supercritical CO, processes. There is a lot of room for the
development of true novel processes and processors. The future development of
supercritical fluid processing must involve rethinking the pros and cons of existing
dry and wet processes.
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Abstract

Pulse-current electrodeposition and a sulfite-based electrolyte were used in
fabrication of pure gold films. Surface of the pulse-electrodeposited gold film
possessed less defect, lower roughness, smaller grain size, and denser texture
when compared with the gold film prepared by constant-current electrodeposi-
tion. Microstructures and compressive yield strength of the electrodeposited
gold could be controlled by regulating the pulse on-time and off-time intervals
in pulse-current electrodeposition. The gold film prepared under the optimum
conditions showed an average grain size at 10.4 nm, and the compressive yield
strength reached 800 MPa for a pillar-type micro-specimen having dimensions
of 10 pm x 10 pm x 20 pm fabricated from the pulse-electrodeposited gold film.
Average grain size of the pulse-electrodeposited gold film was much smaller, and
the compressive yield strength was much higher than the values reported in other
studies. The high strength is due to the grain boundary strengthening mechanism
known as the Hall-Petch relationship. In general, the pulse-electrodeposited gold
films showed yield strength ranging from 400 to 673 MPa when the average grain
size varied by adjusting the pulse-electrodeposition parameters.

Keywords: pulse-current electrodeposition, gold material, micro-mechanical
property, micro-compression test, Hall-Petch relationship

1. Introduction

Gold materials fabricated by electrodeposition are commonly used as contact
materials in printed circuit boards, electrical connectors, relays, and micro- and
nanoscale electronic components for many decades because of the high electrical
conductivity, chemical stability, corrosion resistance, and ductility [1-5]. In recent
years, gold has become a promising material as movable structures and proof
masses in micro—electrical-mechanical system (MEMS) accelerometer devices,
because of the high density (19.3 x 10° kg/ m?> at 298 K), which is about ten times
higher than that of silicon (2.33 x 10° kg/m3 at 298 K) [6]. However, gold is known
to be a soft metallic material. The mechanical strength becomes a concern in further
miniaturization of the MEMS device. The yield strength of bulk gold is reported
to be 55-200 MPa [7], and the strength can be increased to 550 MPa when using
specimens having sub-micro-dimensions because of the size effect [8]. Decreasing
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Figure 1.
llustration of typical pulse-current waveform.

grain size of the gold materials is expected to allow further enhancement of the
mechanical properties according to the Hall-Petch relationship [9, 10].

Pulse-current electrodeposition (PCE) has been reported to be effective in
fabrication of gold materials with finer grains, higher uniformity, and lower poros-
ity [11, 12] when compared with constant-current electrodeposition (CCE). Also,
it is possible to control the microstructure and the film thickness by regulating the
pulse-current amplitude (on-time current density and off-time current density)
and the width (on-time and off-time interval), as shown in Figure 1. Most impor-
tantly, an increase in the nuclei density could be achieved to deposit films with finer
grains. On the other hand, for evaluating mechanical properties of the deposited
films, Vickers microhardness test is the most popular method. However, the hard-
ness characteristics are often affected by the substrate. Vickers microhardness
test cannot show the real strength of deposited films, especially for films having
thickness in micro-/nanoscale. Therefore, it is necessary to characterize mechanical
strength of the electrodeposited gold film by micro-mechanical testing method for
practical applications in miniaturized devices.

In this chapter, gold films prepared by the PCE with a sulfite-based electrolyte
showed less defect, lower surface roughness, finer grain size, and denser texture
when compared with gold films prepared by the conventional CCE. Micro-
mechanical properties of gold micro-specimens fabricated from the gold films
prepared by the PCE and CCE were evaluated by micro-compression tests. To the
best of our knowledge, this is the first report on micro-mechanical characterization
of pure gold materials fabricated by PCE. Also, the electrodeposited pure gold film
prepared by the PCE showed an ultrahigh strength of 800 MPa, which is the highest
value reported for pure gold when compared with values reported in the literature.

2. Electrodeposition of gold

The gold electrolyte used in this study was a commercially available sulfite-
based electrolyte provided by Matex Japan. The electrolyte contained 10 g/L of gold
with pH of 8.0 and 5% sodium gluconate as the additive. Cu plates and Pt plates
were used as the cathode and anode, respectively. For the PCE, the on-time current
density (I,,) was 10 mA/cm?, and the off-time current density (I,¢) was 0 mA/cm?.
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Figure 2.

Schematic images showing flow of the pillar-type micro-specimen fabrication steps. (a) Polished
electrodeposited gold. (b) Sige reduction of the specimen. (c) and (d) Finishing with a low intensity beam at a
tilt angle of 45+1.7°.

The on-time interval (T,,) and the off-time interval (T.g) varied from 1 to 10 ms to
study the effect on properties of the deposited gold film. The reaction temperature
was 60°C for both PCE and CCE. For the CCE, the current density was fixed at

5 mA/cm?, which is the same as the average current density of the PCE. A gold film
was electrodeposited using a cyanide-based electrolyte containing 20 g/L of gold
with pH of 5.0 to be used as the comparison reference specimen. The gold film was
electrodeposited on a Pt substrate. The current density was 4 mA/cm?, and the
temperature was 60°C.

Morphology of the gold films was examined by an atomic force microscope
(AFM, XE-100, Park System). The crystallographic structures of the films were
investigated by an X-ray diffractometer (XRD, Ultima IV, Rigaku) at a glanc-
ing angle of 1.0°. The X-ray was generated by a Cu target operated at 40 kV and
40 mA. Average grain size was calculated using the Scherrer equation.

After the electrodeposition step, pillar-type micro-specimens were fabricated
from the gold films by focused ion beam (FIB, FB2100, Hitachi) milling. Details
of the fabrication process are shown in Figure 2. In order to minimize the taper-
ing effect often observed in the FIB milling, instead of the conventional top-down
milling process using irradiation along the pillar axis, the ion beam was irradiated
from one side of the pillar at a tilt angle of 45 + 1.7° as shown in Figure 2(c) and (d).
Therefore, the tapering effect can be minimized.

Dimensions of the fabricated micro-specimens had a square cross section with
10 pm in each side and a height of 20 pm. The compression tests were carried out
using a test machine modified from a micro-indentation machine, which was
specially designed for the micro-sized specimens and the compression test. The test
machine was equipped with a flat-end diamond indenter and a piezoelectric
actuator to control the displacement speed at 0.1 pm/s. The load resolution was 10 pNN.
Observation of the micro-specimens before and after the compression test was
conducted using a scanning ion microscope (SIM) equipped within the FIB.

3. Pulse-current electrodeposition of ultrafine nanocrystalline gold
3.1 Properties of the electrodeposited gold film

Figure 3 shows the AFM micrographs of the gold films. The gold film electrode-
posited with the cyanide-based electrolyte had hill-like bump morphology and a rough
surface as shown in Figure3(a). The surface roughness (R,) was 1171 nm. The gold
film prepared by the CCE with the sulfite-based electrolyte showed irregular small
dome-shaped bumps having a height of ca. 0.2-0.25 pm as shown in Figure 3(b). On
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Figure 3.
AFM micrographs of (a) the gold film surface prepared by the CCE with the cyanide-based electrolyte, (b) the
gold film surface prepared by the CCE, and (c) the PCE with the sulfite-based electrolyte.

the other hand, the gold film fabricated by the PCE with the sulfite-based electrolyte
had a smooth and defect-free surface as shown in Figure 3(c). For the CCE with the
sulfite-based electrolyte, the surface roughness was 32.5 nm, whereas it was only
10.7 nm for the PCE with the sulfite-based electrolyte. The smooth surface achieved by
the PCE is attributed to the enhanced desorption of the hydrogen gas bubbles during
the off-time interval of the PCE, because the defects are suggested to be mainly caused
by the hydrogen gas bubbles formed along with reduction of the gold ions.

Figure 4 shows XRD patterns of the gold films. All XRD patterns exhibited four
peaks corresponding to the (111), (200), (220), and (311) planes of metallic face-
centered cubic (FCC) gold (JCPDS No. 04-0784). The XRD results were similar to

(a) —— XRD pattern of Au film by CCE
in cyanide-based electrolyte

A N

(b) —— XRD pattern of Au film by CCE
in sulfite-based electrolyte

A A

IC“" 11)— XRD pattern of Au film by PCE
in sulfite-based electrolyte

(200)

Intensity (a.u.)

(220) (311)
N

30 40 50 60 70 80

20 (degree)

Figure 4.
X-ray diffraction patterns of (a) the gold film prepared by the CCE with the cyanide-based electrolyte, (b) the
gold film prepared by the CCE, and (c) the PCE with the sulfite-based electrolyte.
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the work reported by Bozzini et al. [13]. Unlike the reference gold film prepared
with the cyanide-based electrolyte, the gold films fabricated with the sulfite-based
electrolyte showed intense (111) orientation. It was reported that the surface energy
of the (111) crystal growth orientation is the lowest when compared with the other
crystal orientation for FCC metals, such as the (100) and the (110) planes [14].
Moreover, XRD peaks of gold films prepared by the PCE with the sulfite-based
electrolyte were broader than those by the CCE. The estimated grain size of the gold
film prepared by the PCE was 10.5 nm, which was much smaller than the grain size
of 22.8 and 17.6 for the CCE with the sulfite-based electrolyte and the cyanide-based
electrolyte, respectively. The grain refinement effect is attributed to the high on-time
current density, which results in high nucleation rate during the on-time interval.

In summary, the AFM micrographs and XRD patterns indicate that smooth and
defect-free gold film with ultrafine grain size of 10.5 nm can be achieved by the
optimized parameters of the PCE. The grain size is smaller than the values reported
in previous studies [15-17]. For the optimized PCE parameters, the pulse current is
10 mA/cm” and the off-time current is 0 mA/cm”. On-time and off-time of the PCE
are both 10 ms.

3.2 Mechanical properties of the gold micro-specimen

Microstructure of the micro-specimens before and after the compression test and
the deformation behaviors was observed from the SIM images shown in Figure 5.

Figure 5.

SII%/I images of the (a) as-fabricated and (b) deformed gold micro-specimens fabricated from the CCE with
the cyanide-based electrolyte, (c) the as-fabricated and (d) deformed gold micro-specimens fabricated from
the CCE with the sulfite-based electrolyte, and the (e) as-fabricated and (f) deformed gold micro-specimens
fabricated from the PCE with the sulfite-based electrolyte.
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The ion channeling contrast shown in the SIM images indicates orientation changes
of the textures on the sample surface. A gold micro-specimen was fabricated from
the cyanide-based electrolyte to act as a comparison, and the results are shown in
Figure 5(a) and (b). White and gray irregular strip patterns in several pm orders
were observed on both the top and sidewall surfaces, and these patterns are attrib-
uted to the columnar textures having a direction of perpendicular to the substrate/
electrolyte interface. Cracks shown in Figure 5(b) indicate brittle fractures along
the texture boundary, which suggest the brittle nature of the texture boundary. The
grain size obtained from XRD was 17.6 nm, which is far smaller than the size of the
patterns observed in the SIM image. While the contrast of the SIM image repre-
sents the crystal orientation against the beam direction, the boundaries observed
in Figure 5(a) and (b) should be texture boundaries instead of grain boundaries.
Camouflage pattern of the grain/structure was observed on surfaces of the gold
micro-specimen prepared from the sulfite-based electrolyte, as shown in the SIM
image in Figure 5(c). The gold micro-specimen exhibited broad shear crossing from
the top front to the bottom after ca. 10% of deformation, as shown in Figure 5(d),
which is similar to the deformation of electrodeposited nanocrystalline Ni [18]. In
Figure 5(e), there is no obvious grain/texture boundary on the surface of the gold
micro-specimen, which is consistent with the XRD results that fine grains of 10.5 nm
were results of the PCE since the SIM could not identify boundaries finer than ca.

1 pm. The ductile deformation shown in Figure 5(f) was attributed to the intrinsic
property of ultrafine or nanocrystalline materials during the compressive deforma-
tion [19]. Although the grain size was different between the gold micro-specimens
fabricated from gold films by the CCE and PCE with the sulfite-based electrolyte,
the deformation behaviors were similar as shown in Figure 5(d) and (f).

Figure 6(a) shows compressive engineering stress-strain curves generated
from compression tests of the gold micro-specimens. Deformation behaviors of the
micro-specimens prepared from the cyanide-based electrolyte were different from
the micro-specimens prepared from the CCE and the PCE with the sulfite-based
electrolyte. Yield drops observed in the stress-strain curve generated from com-
pression test of the micro-specimen prepared from the cyanide-based electrolyte
may correspond to the cracks observed in Figure 5(b). The cracks are suggested to
be caused by the impurities derived from the cyanide-based bath, which lead to a
decrease in the adhesion between the textures. The micro-specimens prepared from
the sulfite-based electrolyte by the CCE and PCE both showed parabolic hardening
generally observed in polycrystalline samples. Notable work hardening observed
in the micro-specimen prepared from the PCE with the sulfite-based electrolyte
could be a consequence of the reduction in defects by the PCE. A summary of the
strengths obtained from this work and from the literatures is shown in Figure 6(b).
The strengths obtained in this work followed the Hall-Petch relationships well and
reached 800 MPa. To the best of our knowledge, a compressive strength of 800 MPa
is the highest value reported for electrodeposited pure gold [7, 8, 20, 21]. Also, the
gold film prepared by the PCE showed large work hardening which indicates high
ductility and malleability of the material.

3.3 Effects of the on-time and off-time intervals

The T, and To varied from 1 to 10 ms to study the effect on the microstructure.
Detailed information of the PCE parameters is given in Figure 7. SIM images of the
three micro-specimens fabricated from the gold films pulse electrodeposited with
three different on- and off-time combinations are shown in Figure 8. Figure 8(d)—(f)
shows a side view of the micro-specimens A, B, and C, respectively. The contrast
observed in the SIM images represents the grain/texture boundaries. Two types of
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Engineering stress-strain curves obtained from the micro-compression test of the gold micro-specimens and
(b) Hall-Petch plot of polycrystalline gold micro-specimens.
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Figure 7.
Parameters of pulse-current waveform used in the PCE-fabricated gold films A, B, and C.
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5 um

Figure 8.

SIM images of the as-fabricated micro-specimens A (a), B (b), and C (c) and side views of the as-fabricated
micro-specimens A (d), B (e), and C (f). In the area surrounded by ved full line, grains of several hundred
nanometers (shown as red-dotted line) and heterogeneous pattern were observed. In the arvea surrounded by red
full line, no obvious grain/texture boundary was observed.

grain structures were observed between Figure 8(d) and (f). For micro-specimen

A (Figure 8(a) and (d)), most of the grains were in micrometer order. Only a few
grains having sizes less than 1 pm were observed. One of the relatively large grains is
clearly shown in the enlarged image surrounded by red-dotted line in Figure 8(d).
The grain structure of micro-specimen A was considered to be composed of non-
homogeneous mixture of micro-grains and nano-grains. For the second type shown
in micro-specimen C (Figure 8(c) and (f)), there were no obvious grain/texture
boundaries observed from the SIM image. The film was considered to be composed of
homogeneous nano-grains, in which details of the boundaries were beyond the detec-
tion limit of the SIM. Micro-specimen B (Figure 8(b) and (e)) showed a mixture of
the two grain structure types. The nano-grains similar to those in micro-specimen C
were located in the front corner as shown in Figure 8(b).

It could be concluded that intervals of 10 ms for both the T,,, and To¢ were the
optimized conditions to achieve uniform nano-grains; in such PCE conditions, the
grain nucleation dominated in the gold reduction reaction rather than grain growth
of the already-existing grains. During the Ty interval, the depleted surface concen-
tration of gold ions on the cathode can be replenished by the diffusion of gold ions
from the bulk electrolyte, and as-formed by-products during the reaction would
diffuse away from the cathode surface. New nuclei are more likely to form because
of the high-surface concentration of gold ions during the T,, interval. In the case of
micro-specimen A, the T,¢ of 1 ms was too short, and it was insufficient for the gold
ion replenishment. The low-surface gold ion concentration led to the large grain
growth. Also, the short Tg promoted continuous growth of the already-existing
grains. Therefore, the electrodeposition condition became similar to the CCE,
which leads to similar grain structures with the CCE. The results suggest that the T,
should be short enough to confirm the gold ion consumed in each T,, period, which
could be sufficiently replenished during the To¢ period. When the T, is too long,
the electrodeposition condition would be close to the CCE conditions and leads to
large grains and occurrence of side reactions. On the other hand, T,, cannot be too
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short. It should be long enough to allow full charge of the electrical double layer.
Otherwise, the reduction reaction cannot be initiated properly. For micro-specimen
B, T;,, of 1 ms may be too short to fully charge the double layer. Moreover, Molina

et al. reported that the calculated critical radius of the nuclei of nickel film became
much larger, when Ty, of 1 ms was applied. Also, the nucleation rate is much lower
when too short T,,,, was used [22]. The result of micro-specimen B was in agreement
with results reported by Molina et al., in which the short T, of 1 ms used in micro-
specimen B led to the large grain growth due to the low nucleation rate and large
critical size of nuclei.

SEM images of micro-specimens A, B, and C before and after the compression
test are shown in Figure 9. All the gold micro-specimens showed broad shear cross-
ing from top to bottom of the micro-specimens, and protrusions on sidewalls of the
micro-specimen were observed after the deformation. Formation of the protrusions
was attributed to the grain boundary slip occurred during the compression test,
because the micro-specimens in this study were composed of polycrystals.

Yield strengths of the micro-specimens were determined from the engineering
stress-strain curves given in Figure 10. By assuming volume conservation during the
plastic deformation, the engineering stress ¢ is defined in the following equation:

o = P/S (1)

where P is the measured force and S is the cross-sectional area. The engineering
strain ¢ can be calculated as the following equation:

e = AL/L, (2)

where AL is the applied displacement and Ly is the initial length of the micro-
specimen. Both of the P and the AL were acquired by the test machine. The S and
the L were both obtained from SEM observations. The flow stresses of micro-
specimen A and micro-specimen B were 440 and 600 MPa, respectively. Micro-
specimen C showed the highest flow stress of 800 MPa. These differences of flow

Pillar A PFillar C

W = O =T m

- D e =D

Figure 9.
SEM images of the (a) as-fabricated and (b) deformed micro-specimen A, the (c) as-fabricated and
(d) deformed micro-specimen B, and the (e) as-fabricated and (f) deformed micro-specimen C.
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Figure 10.
Engineering stress-strain curves obtained from the micro-compression tests of the gold micro-specimens.

stress are due to structural differences, i.e., grain size. As the grain size becomes
smaller, the strength becomes higher due to the grain boundary strengthening
mechanism or well expressed as the Hall-Petch effect [20]. Hall and Petch had
concluded that the yield strength can be expressed as.

6 = oo+kd™? €)

where o is the yield strength, o, is a material constant for the starting stress
for dislocation movement (or the resistance of the lattice to dislocation motion),
ky is the strengthening coefficient (a constant specific to each material), and 4 is
the average grain diameter. To confirm if the Hall-Petch relationship holds in this
work, we measured yield strength and grain size of the films. Figure 9 shows the
yield strength measured at a plastic strain of 0.2%. For micro-specimens A, B,
and C, the yield strengths were 400, 433, and 673 MPa (compressive strength of
800 MPa), respectively. Although the yield strength was only slightly higher for
micro-specimen A when compared with micro-specimen B, the enhanced work
hardening demonstrates the effect of the partially nano-grained region in micro-
specimen B. In addition, SEM observation shown in Figure 8(d) shows smooth
deformation morphology at the front corner of micro-specimen B, which indicates
aresistance to the deformation by the nano-grained region. The fully nano-grained
micro-specimen C had a yield strength of 673 MPa, which is the highest value for
pure gold reported when compared with the literature within our reach [7, 20, 23].
XRD diffraction patterns and the Scherrer equation were used to estimate the grain
size of the film C. The Scherrer equation was given in the following equation:

_ A
g = B cosO “)

whereg, 1, f, and 0 are the average grain size, X-ray wavelength (0.15418 nm),
full width at half maximum in radians, and Bragg angle, respectively. The estimated
grain size was 10.4 nm. The nano-scale grain size agrees well with the outstandingly
high strength observed in this work.
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In summary, it can be deduced that the T, of 10 ms and T of 10 ms are the
optimum parameters for the PCE of gold with a sulfite-based electrolyte, because
the grain size reached ca. 10 nm and the compressive strength of 800 MPa (yield
strength of 673 MPa) was much higher than the other micro-specimens evalu-
ated in this study. These results demonstrate that the PCE is promising for MEMS
applications since it demonstrates a simple method to control the grain size and the
mechanical strength of gold micro-components by regulating the PCE Ty, and T
intervals.

4. Conclusion

Pulse-current electrodeposition and a non-cyanide sulfite-based electrolyte
were used in fabrication of gold films toward fabrication of MEMS components.
The pulse-current electrodeposition with different combinations of the T,, and
T, were investigated to evaluate the influence on the film properties and the
micro-mechanical properties. Surface of the PCE gold films possessed less defect,
lower roughness, smaller grain size, and denser texture than the gold film prepared
by the constant-current electrodeposition. Micro-mechanical properties of the
pulse-current plated gold films were evaluated by micro-compression tests using
pillar-type micro-specimens fabricated from the gold films by FIB milling. For both
the Ty, and the Tog, 10 ms was concluded to be the optimum condition to achieve
uniform nano-grained films. The finest grain size reached 10.4 nm for the PCE gold
film. The compressive strength was 800 MPa (yield strength of 673 MPa) for the
specimen having dimensions of 10 pm x 10 pm x 20 pm fabricated from the PCE
gold film. For the deformation behavior, all the micro-specimens showed promoted
surface relief phenomenon after the compression tests. All of the gold micro-
specimens had a yield strength higher than 400 MPa, which was much higher
than that of the bulk gold. The grain size was much smaller, and the compressive
strength obtained was much higher than the values reported in other studies. The
high strength is suggested to be due to the grain boundary strengthening mecha-
nism known as the Hall-Petch effect. The results demonstrate that the PCE method
with the sulfite-based electrolyte is effective to control the microstructure and
enhance the mechanical strength of gold materials for applications in miniaturized
electronic devices.
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Abstract

Strengthening of electrodeposited gold-based materials is achieved by alloying
with copper according to the solid solution strengthening mechanism. Composition
of the Au-Cu alloys is affected by the applied current density. The mechanical
properties are evaluated by micro-compression tests to evaluate the mechanical
properties in microscale to take consideration of the sample size effect for applica-
tions as microcomponents in MEMS devices. The yield strength reaches 1.15 GPa for
the micropillar fabricated from constant current electrodeposited Au—Cu film, and
the film is composed of 30.3 at% Cu with an average grain size of 5.3 nm. The yield
strength further increases to 1.50 GPa when pulse current electrodeposition method
is applied, and the Cu concentration is 36.9 at% with the average grain size at 4.4 nm.

Keywords: electrodeposition, gold-based alloys, mechanical property,
microcompression test, Hall-Petch relationship, solid solution strengthening

1. Introduction
1.1 Application of Au materials in MEMS devices

In recent years, microelectromechanical system (MEMS) capacitive acceler-
ometers have been developed and used in a variety of consumer electronics for
acceleration detection in arange of 1-5G (1G = 9.8 m/s*) [1-3]. For applications in
medical and health care fields, accurate sensing with sub-1 G detection is necessary
to monitor hardly detectable body motions [4, 5]. To detect such low acceleration
in a compact sensor module, various types of MEMS accelerometers based on
silicon (Si) bulk micromachining have been reported [6, 7]. In order to suppress the
thermal-mechanical noise (i.e., Brownian noise (BN) [8]) for the highly sensitive
detection, a large proof mass is required. Limited choices of materials for the proof
mass and other movable components in a CMOS-MEMS accelerometer have been a
major challenge to reduce the BN, which becomes more critical when the parasitic
capacitance is reduced in miniaturized devices. Yamane et al. [9-11] propose a
miniaturized MEMS accelerometer by using a post-CMOS process with electrode-
posited Au in the main components, which enables further size reduction of the
proof mass and the device footprint without compromising the sensitivity. With the
application of electrodeposited Au in MEMS accelerometers [9-11], a wide range
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of acceleration from 1 mG to 20 G can be achieved and are expected to be used in
monitoring of hardly detectable body motions.

However, mechanical strengths of Au are much lower than the values of other
commonly used materials in electronic devices. For instance, the yield strength of
Au is 50-200 MPa in its bulk state [12], and the fracture strength of Si is 1-3 GPa
[13], which is one order larger than the strength of Au. The low mechanical strength
of Au raises concerns on the structure stability when employed as movable micro-
components. In a study on long-term vibration test of microcantilever made of
electrodeposited Au, an obvious tip defection is reported after 10’ cycles of the
vibration [14]. Therefore, strengthening of the Au-based material is necessary to
ensure high structure stability for applications in MEMS devices.

1.2 Strengthening mechanisms in electrodeposits

There are four strengthening mechanisms in metallic materials, including work
(strain) hardening, grain boundary strengthening, precipitation strengthening, and
solid solution strengthening. Except for the work hardening, the other strengthen-
ing methods are plausible in the electrodeposits by controlling the electrodeposition
conditions. For example, Rashidi et al. [15, 16] report that a finer crystalline grain
structure is obtained in the electrodeposited Ni by controlling the electrodeposition
parameters such as current density, bath temperature, and additive amount in the
aqueous electrolyte. Grain boundary strengthening of the electrodeposited gold
is therefore applicable by the grain refinement effect. Classically, the mechanical
strength is proportional to inverse square root of the average grain size according to
the Hall-Petch Equation [17] given by.

6 = og+k .dg*O-S 1)

where oy is the friction stress in the absence of grain boundaries,  is a constant,
and d, is the average grain size. In other words, the yield stress increases as the average
grain size decreases because pileups in fine-grained materials contain fewer disloca-
tions, and the stress at the tip of the pileup decreases. Thus, a larger applied stress is
required to generate dislocations in the adjacent grain. When the average grain size
becomes too small, this mechanism breaks down because the grains could not support
the dislocation pileups. Typically, breakdown of the Hall-Petch relationship would
occur when the average grain size reaches 10 nm in most metals.

Alloying is also one of the commonly applied methods to increase the mechanical
strength in electrodeposits. Solid solution strengthening results from the interaction
between dislocation and solute atoms can take place. The solute atoms affect the
elastic energy of a dislocation due to both local size and modulus changes and act as
obstacles to dislocation motions. The alloys could be electrodeposited from a mixed
electrolyte containing different metal salts. Schuh et al. [18] reported that the hard-
ness of Ni increased from 1 to 8 GPa by forming Ni-W alloys. Similar strengthening
was also reported in Ni-Co [19, 20], Ni-P [21], and Ni-Mn [22] alloys. In addition,
alloying of elements having a large difference in the atomic masses would exhibit
pronounced strengthening as demonstrated in Cu-based alloys [23].

1.3 Electrodeposition of metallic materials
In metal electrodeposition, current density is often used to control the char-
acteristics in electrodeposits, in particular, grain size. Metal electrodeposition

generally follows Butler-Volmer Equation [24], which indicates the current density
applied to the electrode is interrelated to the overpotential #:
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j = j{exp(w,zFn/RT) - exp(a.zFn/RT)} )

n = E_Eeq (3)

wherej is the current density, j, is the exchange current density, z is the number
of electrons involved in the electrochemical reaction, F is the Faraday constant, R
is the universal gas constant, T is the absolute temperature, o, and a, are the anodic
and cathodic transfer coefficient, 7 is the overpotential, E is the electrode potential,
and Eq is the equilibrium potential. On the other hand, the nucleation rate (v) of
the metal deposited on the electrode is expressed by the following Equation [25]:

v = a-exp(—bez/qkbﬂ’ﬂ) “)

where 4 is a proportionality constant, b is the geometrical factor, ¢ is the
surface energy, and g is the required charges for formation of a monolayer.
Combining Egs. (2) and (4), the nucleation rate can be promoted by an increase
in the current density, leading to electrodeposits having a finer-grained struc-
ture. In addition, electrodeposition can produce not only pure metals but also
alloys with controlled compositions. Alloy electrodeposition can realize further
enhancement of the mechanical strength based on the solid solution strengthen-
ing mechanism [26, 27].

Pulse electrodeposition is a versatile method that has been proven to produce
nanocrystalline materials [28, 29]. Pulse electrodeposition parameters (current on-
time, current off-time, and pulse current density) play important roles in control-
ling the electrodeposition process and hence the microstructure and properties of
the electrodeposits [30, 31].

1.4 Mechanical properties of small-scale materials

Microcomponents used in MEMS such as microsprings, cantilevers, and struc-
tural support could suffer mechanical straining during employment, and mechani-
cal property evaluation of the specimen in microscale is needed. Conventional
indentation or wear tests are widely used to characterize mechanical properties
of the electrodeposited metallic materials [32]. However, the obtained results are
often affected by the substrate, which may not represent the real information of the
microcomponents. Moreover, mechanical properties of materials in microscale are
much different from those of bulk materials due to the sample size effect [33]. Since
Uchic et al. [34] firstly introduced the uniaxial compression testing of micropil-
lars, a new wave of studies of small-scale plasticity has been explored in numerous
materials [35-41]. Therefore, micromechanical tests using specimens (i.e., micro-
pillars [40], microcantilevers [42]) in microscale are recognized as the most reliable
method to provide reliable information on the mechanical properties for design of
MEMS microcomponents.

2. Electrodeposition of Au—Cu alloys from noncyanide electrolyte

Electrodeposition of Au-based alloys is reported for the uses of decorative
jewelry, conductive materials in electronic devices, magnetic materials, or catalysts.
For applications in MEMS accelerometers, it is particularly important to have
properties such as high mechanical strength, high electrical conductivity, and
high density. Au-Ni [43, 44] and Au-Co [45] alloys are reported to show improved
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mechanical strength, but their magnetic properties may cause the undesired
effects in the MEMS devices. Au—Sn alloys are reported to be soft materials and
mainly used for soldering [46]. Among these solute elements, Cu has high electri-
cal conductivity and is widely used in electronic devices. Besides the difference of
atomic masses between Au and Cu is large, a pronounced effect of solid solution
strengthening is expected. The Au—Cu alloys are usually electrodeposited from the
alkaline cyanide electrolyte due to the electrolyte stability [47, 48]. However, such
strong alkaline electrolyte cannot be used in the lithography process for fabrica-
tion of MEMS components, which would cause damage of the photoresists. In this
chapter, we utilize the noncyanide electrolyte to electrodeposit Au—Cu alloys and
characterize their properties.

2.1 Fabrication of Au—Cu alloys by constant current electrodeposition

The Au—Cu electrolyte used in this work is a commercially available electrolyte
provided by MATEX Co., Japan, which contained 17.3 g/L of X3Au(S0;), (X = Na, K),
1.26 g/L of CuSOy4, and EDTA as the additive with pH of 7.5. A potentiostat
(Solartron SI1287) is served for applying the constant current. The electrodeposi-
tion is carried out at 50 °C, and the current density is varied from 2 to 9 mA/cm’.

A piece of Pt plate and Cu plate with the same dimensions of 1 x 2 cm” is used as
the anode and the cathode, respectively. Two thicknesses of the films are prepared
for the characterization. Thin films with a thickness of ~3 pm are used for surface
characterization, and thick films with a thickness of ~50 pm are used only for
fabrication of the microcompression specimens.

Figure 1 shows surface morphology of the Au—Cu alloy films electrodeposited
at various current density. The films deposited at lower current densities exhibited
nodular-like structures as shown in Figure 1(a) and (b). When a higher current
density is used (4-7 mA/cm?), the surface morphology gradually changes to smooth
surface condition as shown in Figure 1(c)—(f). Large agglomerates of bump clusters
are observed on the surface when the current density is higher than 8 mA/cm?, as
shown in Figure 1(g) and (h). Similar morphology is reported for the Au-based
alloys electrodeposited at high current density [48].

Figure 1.
SEM micrographs of the Au—Cu alloy films electrodeposited at curvent density (a) 2, (b) 3, (c) 4, (d) 5, (e) 6,
(f) 7 (g) 8 and (h) 9 mA/em?.
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2.2 Crystalline structure and chemical composition of electrodeposited Au—Cu
alloys

Figure 2 shows XRD patterns of the Au—Cu alloys electrodeposited at cur-
rent densities ranging from 2 to 9 mA/cm”. Both the (111) and (200) peaks shift
continuously to a higher diffraction angle as the current density increases. For
instance, the (111) peak shifts from 26 = 38.79° at the current density 3 mA/cm?
to 20 = 40.09° at the current density 8 mA/cm® The peak shift is suggested to be a
result of the increase in the Cu content since the lattice constants of Cu are larger
than that of Au. No diffraction peaks from intermetallic nor other ordered phases
are observed in the electrodeposited films. Relationships between the current
density with average grain size, Cu concentration, and the lattice constant are sum-
marized in Figure 3. The average grain sizes are estimated from the XRD results and
the Scherrer equation. The grain size is reduced from 8.8 nm to a minimum value
of 5.3 nm when the current density is increased from 2 to 6 mA/cm”’. Grain size of
electrodeposited materials is highly dependent on the overpotential, in which grain
refinement is observed as the overpotential increased [49]. Based on the Butler-
Volmer equation, the overpotential is interrelated to the current density, in which
the overpotential increases as the current density increases. Therefore, it is expected
to see a reduction in the grain size as the current density increases.

On the other hand, an increased in the grain size is observed when the current
density increases beyond 6 mA/cm”. Increasing the current density also promotes
side reaction(s), such as hydrogen evolution. Because of this, overpotential of the
main reactions, which are reduction of Au and Cu in this study, would be lowered
when the side reaction(s) is promoted [50]. This should be the cause of the grain
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Figure 2.
XRD patterns of the Au—Cu alloy films electrodeposited at varied current density.
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Figure 3.
Plots of the current density versus grain size and Cu concentration.

coarsening observed when the current density is higher than 6 mA/cm’. Meanwhile,
a sustained increase of the Cu concentration from 12.2 to 46.7 at% is observed when
the current density is increased from 2 to 9 mA/cm”. The results can be interpreted
by the difference in the standard reduction potential between Au and Cu [51]. The
standard reduction potential of Cu is more negative than that of Au. An increase in
the cathodic current density would make the applied potential to be more nega-
tive; hence, reduction of Cu is gradually favored and leads to an increase in the Cu
concentration.

2.3 Fabrication of Au—Cu micropillars and micromechanical properties

Micromechanical properties of the Au-Cu alloys are evaluated using micro-
pillars fabricated from the thick Au-Cu films by focus ion beam (FIB, Hitachi
FB2100). Fabrication process of micropillar is shown in Figure 4. The Au-Cu
micropillars have square cross section of 10 x 10 pm” and height of 20 pm. The
microcompression tests are conducted with a testing machine specially designed for
microspecimens. The compression is conducted at a constant displacement rate of
0.1 pm/s using a piezoelectric actuator.

Figure 5 shows SIM images of the Au-Cu alloy micropillars fabricated from the
thick Au-Cu alloy films before and after the microcompression tests. Barrel-shape
deformations are observed in the micropillars fabricated from the films electro-
deposited at current density 3, 5, and 6 mA/cm?, which are typical deformation
behaviors for polycrystalline metallic materials [52, 53]. When the current density
is further increased to 8 mA/cm?, brittle fractures indicated by the cracks along

Electrodeposits  FIB
2

Figure 4.

Fabrication process of micropillars by FIB.
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Figures.
SIM images of the Au—Cu alloy micropillars fabricated from the films electrodeposited at curvent density (a,b)
3, (¢,d) 5, (ef) 6, and (g,h) 8 mA/cm’. (a,c,e,g) Before and (b,d.f,h) after microcompression tests.

boundaries of the agglomerates are observed after the compression test. The Au-Cu
alloy film electrodeposited at 8 mA/cm? is composed of nano-grains, which is
similar to the film electrodeposited at lower current density of 3 mA/cm’; however,
formation of the bump-clustered agglomerates at high current density might be the
main cause of the brittle deformation. Au-Cu alloys are known to be highly ductile
materials. To the best of our knowledge, this is the first report on brittle fracture of
Au-Cu alloys, and this information is essential for the design of components used in
MEMS devices.

Engineering strain-stress (SS) curves obtained from the microcompression tests
are shown in Figure 6. Generally, all the pillars exhibit extremely high yield stress
(oy, determined by the cross-point of the SS curve and 0.2% offset line of the elastic
deformation region) ranged at 1.00-1.15 GPa, which are far larger than the yield
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Figure 6.

Engineering strain-stress curves of the micropillars fabricated from the films electrodeposited at current density
of (a) 3mA/em?®, (b) smA/cm®, (c) 6 mA/em?®, and (d) 8 mA/cm’. The yield strength (o,) in each curve is
marked by a hovizontal bay.
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stress obtained from micromechanical tests of pure Au and pure Cu reported in the
literature [52, 54]. Flow stresses (of) at 10% plastic strain of all the micropillars are
higher than 1.3 GPa except for the micropillar prepared from the film electrode-
posited at current density of 8 mA/cm’, in which the crack-induced brittle fracture
should be the reason of the lowered flow stress.

The enhanced yield stress in the Au—Cu alloys is mainly attributed by the follow-
ing two mechanisms: (i) grain boundary strengthening [17] and (ii) solid solution
strengthening [26, 27]. As shown in Figure 3, the grain refinement effect goes along
with an increase in the Cu concentration as the current density increases. According
to the grain boundary strengthening mechanism, the strength of metallic materials
increases as the total amount of grain boundary in a specimen increases, which is
also understood as a decrease in the average grain size. Moreover, the solid solution
strengthening mechanism could restrict the dislocation movement due to interac-
tion of the dislocations with the strained lattice surrounding the solute atoms,
which then leads to a stacked strengthening beyond the grain boundary strengthen-
ing mechanism.

3. Pulse current electrodeposition of ultrahigh strength nanocrystalline
Au-Cu alloys

3.1 Fabrication of Au-Cu alloys by pulse current electrodeposition

The Au-Cu alloys are electrodeposited on cold-rolled Cu substrates with a
commercially available electrolyte (see Section 2.1). Temperature of the electrolyte
is maintained at 50 + 1°C using a water bath. The pulse current electrodeposition is
carried out using a pulse power supply (plating electronic GmbH, type pe86CB-20-
5-25-S/GD). For all experiments, the current on-time (%,,) is fixed at 10 ms, while
the pulsed current density (/,) and the current off-time (¢¢) are varied. The param-
eters are summarized in Table 1. Thin Au—Cu alloy films with a thickness of 3-5 pm
are used for characterization of the composition, grain size, and morphology. Thick
films (thickness ~50 pm) are prepared for fabrication of the microcompression
specimens.

3.2 Effects of the pulse current density

Figure 7(a) shows XRD patterns of the Au—Cu alloys electrodeposited at the
Jp of 5-20 mA/cm?® with the ¢,, and t.g both fixed at 10 ms. All electrodeposits
show the same crystal structure, in which all of the peaks could be indexed to the
face-centered cubic (fcc) reflection. With an increase in the J,, the peaks shift to
larger diffraction angles due to the lattice shrinkage caused by the increase in the Cu
concentration. Effects of the J, on the Cu concentration and grain size are plotted
in Figure 7(b). The copper concentration linearly increases from 15.3 to 41.2 at% as

Operating parameters Range

Pulse current density (mA/cm?) 5-60

Current on-time (ms) 10

Current off-time (ms) 5-600

Electrolyte temperature (°C) 50
Table 1.

Parameters for pulse electrodeposition of Au—Cu alloy films.

78



Electrodeposition of Gold Alloys and the Mechanical Properties
DOI: http://dx.doi.org/10.5772/intechopen.8o755

(

(200)
(220)
[311)
(222)
= o
fli-'* =]

Normalized intensity (a.u.) 2

B3

20 mA/cm’

i 15 mAJ cf“

10 mAScm

()
=]
Lo

Grain size (nm)

Cu concentration (at%) T
% L2
o
il s 35 8§
o
T
N

o) o [
I —
Jp =5 mAlcm? 5 10 15 20
40 50 60 70 80 90 Jp (MA-cm™)

20(°)

p—
L=

u
i
0
i

8 ]

Figure7.

(a) XRD patterns of the Au—Cu alloys electrodeposited at the J, varied from 5 to 20 mA/cm® with t,, and toy
both fixed at 10 ms. The straight dash line indicates the center of (111) diffraction peak in the J, of 5 mA/cm®
sample. (b) Plot of the ], versus the grain size and Cu concentration.

the J, increases from 5 to 20 mA/cm?’. These results are similar to the Au-Cu alloys
prepared by the constant current electrodeposition, in which an increase in the J,
leads to a higher Cu concentration. The standard reduction potential of Cu** ions
is more negative than that of Au® ions [51]. An increase in the ]p makes the applied
potential to be more negative; therefore, the reduction of Cu** is gradually favored
and leads to an increase in the Cu concentration. In the meanwhile, the grain size
decreases from 8.0 nm to a minimum value of 5.2 nm as the ], increases from 5 to
10 mA/cm?, which is attributed to the increase of the nucleation rate as the current
density increases [49]. On the other hand, after reaching the minimum value, the
grain size increases to 5.8 nm as the J;, increases to 20 mA/cm?, The grain growth at
high J, could be attributed to the promoted side reactions (i.e., hydrogen evolution)
as the applied potential becomes more negative, which then lowers overpotential
of the main reaction(s) (reductions of Au* and Cu*" in this case). The grain size

of electrodeposits is highly dependent on the overpotential, and the grain size
increases when the overpotential is lowered [49].

3.3 Effects of current off-time

Effects of the z,¢ on crystal structure and alloy composition of the Au-Cu alloys
are discussed in this section. Figure 8 shows XRD patterns of the Au-Cu alloys
electrodeposited at the J, of 20 mA/cm? and the ¢4 varied from 20 to 120 ms. Similar
to Figures 3 and 7(a), all the XRD patterns show the fcc reflections, and no other
diffraction peak is observed. The major (111) peak gradually shifts from 20 = 40.2°
to 38.8° when the ¢ increases from 20 to 120 ms, which indicates a decrease in the
Cu concentration. It is known that the t,¢ plays an important role in controlling
the alloy composition due to the galvanic displacement reaction occurred on the
substrate surface [55-58]. During of the off-time period, nobler metals continue to
be deposited on the substrate surface, and less noble metals on the substrate surface
would be oxidized and dissolved away. The displacement reaction leads to a decrease
in concentration of the less noble component in the alloy. In the present Au-Cu
system, the standard reaction potential of Au is more positive than Cu; hence,
nobleness of Au is higher. Therefore, the displacement reaction occurred during the
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Figure 8.

XRD patterns of the Au—Cu alloys electrodeposited at the ], of 20 mA/em® with the tog vavied from 10 to

120 ms. The t,, was fixed at 10 ms. The straight dash line indicates center of the (111) diffraction peak in the t;
of 10 ms sample.

off-time period causes a decrease in copper concentration in the Au—Cu alloy, which
is consistent with the lattice swelling observed from the XRD results.

Dependence of the Cu concentration and grain size on the z,¢ as the J, varies
from 10 to 60 mA/cm” is shown in Figure 9. Several trends are observed as the J,
and the z,¢ change. Firstly, a decrease in the Cu concentration is observed as the £
increases at all of the J;,. The results correspond well with those observed from the
XRD patterns, in which more Cu is replaced by Au as the ¢ increases. Secondly,
when the ¢, increases, decreasing rate of the Cu concentration shows a transition
from high to low as indicated by the change in slope of the curves in Figure 4(a).
The J, of 50 mA/cm?” curve indicates this point clearly. Cu concentration of the
Au—Cu alloy shows a steep decrease from a short ¢, to tog of 240 ms, and the slope
becomes less steep at t,¢ longer than 240 ms. The slope is suggested to be related
to the displacement reaction or dissolution rate of Cu component in the Au-Cu
alloy, in which a steep slope indicates a high Cu dissolution rate. Again, the result
is expected since the Cu dissolution rate is directly related to concentration of Cu
component at the surface of the film, and the Cu concentration is higher at the
moment when the electrodeposition just entered the off-time period. Then the Cu
concentration gradually decreases and leads to a lower Cu dissolution rate. Thirdly,
the decreasing rate of Cu concentration is slowed down as the J;, increases. The
evidence can be clearly seen in the J;, of 20 mA/cm? and Jp of 60 mA/cm? cases. The
Cu concentration decreases from 36.9 to 18.4 at% when the ¢ is increased from 30
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Figure 9.
Plots of the tofr versus (a) grain size and (a) Cu concentvation at varied ],

to 100 ms in the case of the J;, of 20 mA/cm?. A much longer t . is required, from
290 to 590 ms, for the Cu concentration to decrease from 37.1 to 18.9 at% in the case
of the ], of 60 mA/cm®. The alloys electrodeposited at higher J, contain higher Cu
concentration. Although the dissolution rate is highly dependent on the Cu con-
centration, diffusion of Cu”* away from surface of the substrate and Au* from the
bulk to the reaction site could also affect the dissolution rate. Hence, a longer ¢ is
needed to reach the same Cu concentration when the J; is high.

Effects of the,¢ on the grain size show similar trends at various J,, in which the
grain size initially decreases to a minimum value of ca. 440 nm and then the grain size
reversely increases when the ¢, increases. The displacement reaction occurred during
the off-time period can initiate rearrangement of atoms in the alloy, which could
induce nucleation or grain growth of the reduced metals in the alloy. The driving force
of the rearrangement is dependent on the dissolution rate. When the driving force
is high, the rearrangement is more vigorous, and nucleation is induced. As shown in
Figure 9(a) and (b), the grain size reduces with a decrease in the Cu concentration
until reaching ca. 35 at%. On the other hand, the rearrangement is less vigorous, and
grain growth is favored when the Cu concentration is low. This is why grain coarsening
is observed when the Cu concentration is lower than ca. 35 at% as the ¢, increases.

As aresult, a wide Cu concentration ranging from 10.1 to 53.0 at% is attained by
adjusting either or both the J, and the z¢. In addition, the critical point observed
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at the Cu concentration of ca. 35 at% indicates the grain size is interrelated to the
alloy composition. Figure 10 shows the grain size as a function of the Cu con-
centration. The Cu concentration and the grain size basically follow a monotonic
relationship. Similar behavior is reported in other pulse current electrodeposited
alloys [58, 59]. When compared to the constant current electrodeposited Au-Cu
(square symbols), the constant current electrodeposited Au—Cu also shows the
same monotonic relationship. Furthermore, the pulse current electrodeposition
allows fabrication of Au-Cu alloys with a wider range of the Cu concentration and
a much finer-grain size than those of the constant current electrodeposition, which
are both advantageous for applications as movable microcomponents.

3.4 Morphology of pulse electrodeposited Au-Cu alloys

Effects of the pulse current electrodeposition parameters on morphology
of the Au-Cu films are observed by the SEM as shown in Figure 11. The over-
view of the Au-Cu alloys electrodeposited at the J,, of 15 mA/cm” shows bright
surfaces when the ¢ is between 20 to 50 ms. From Figure 11(a), the alloy film
electrodeposited at the o of 20 ms shows pebble-like structures, and size of the
pebble-like structures shrinks gradually as the ¢,¢ increases to 50 ms as shown in
Figure 11(b) and (c). The surface becomes dull when the ¢ increases to 100 ms,
and the pebble-like structures are still observed as shown in Figure 11(d). When a
lower J, at 5 mA/cm? is used, two alloy films deposited at the o of 30 and 100 ms
both show dull surface. The size of the pebble-like structures increases as the t,¢
increases to 100 ms (Figure 11(f)). The surface condition becomes very rough
when the J, is increased to 20 mA/cm”. As shown in Figure 11(g), the alloy film
deposited at the ], of 20 mA/cm” and the t,¢ of 20 ms shows large agglomerates
of colony-like clusters, and dull surface is observed. Then the surface becomes
bright, and the size of the pebble-like structures decreases as the ¢ increases
to 50 ms, shown in Figure 11(h). An interesting conclusion could be made
here, in which Au-Cu alloys with similar surface morphology and similar Cu
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Figure 10.
A plot of relationship between grain size and Cu concentration for Au—Cu alloys electrodeposited with varied

Jp and tyyz
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Figure 11.

SEM micrographs of the Au—Cu alloy thick films. The alloys electrodeposited at the J, of 15 mA/cm® with the
to of (a) 20 ms, (b) 30 ms, (c) 50 ms, and (d) 100 ms; J, of 5 mA/em® with (e) 30 ms and (f) 100 ms; Jpof
20 mA/em® with (g) 20 ms and (h) 50 ms. The t,, is fixed at 10 ms.

concentration could be fabricated using different pulse parameters (Figure 11(b):
Jp=15 mA/cm?, tog = 30 ms; Figure 11(h): J, = 20 mA/cm?, tog = 50 ms). This
result demonstrates that not only the grain size but also the surface morphology
is interrelated to the Cu concentration. The morphology, composition, grain size,
and electrodeposition parameters of the Au-Cu alloy thick films are summarized
in Table 2.

Effects of the ], and the z,¢ on the morphology and the Cu concentration are
summarized and illustrated in Figure 12. In general, roughness of the surface is
affected by the current density, and smoothness of the surface is related to the
displacement reaction, i.e., dissolution of the Cu component in the Au-Cu alloy. In
other words, an increase in the J, leads to roughening of the surface, and promotion
of the displacement reaction causes smoothening of the surface. For example, when
a high J;, and a short z.¢ are applied, a rough surface would be formed during the
on-time period because of the high J;,, and the smoothening effect caused by the
displacement reaction would be insufficient because of the short ¢, In this case, a
rough surface condition is obtained as shown in Figure 11(g). When a high J, and
along t,¢ are applied, although the high J, would give a rough surface, but with a
long enough ., the displacement reaction could cause enough smoothening effect
to produce a smooth surface. On the other hand, when a low J; is used, the surface

T mA /cm’ toff, MS [Cul, at% dg, nm Morphology

20 20 464 4.8 Colony-like clusters and dull surface
50 339 4.7 Pebble structure and bright surface

15 20 36.9 4.7 Pebble structure and bright surface
30 34.2 4.8 Pebble structure and bright surface
50 29.5 4.9 Pebble structure and bright surface
100 21.2 6.2 Pebble structure and dull surface

5 30 18.0 7.0 Pebble structure and dull surface
100 121 91 Pebble structure and dull surface

Table 2.

A summary of pulse pavameters, Cu concentvation ([Cu]), grain size (dg), and morphology of the Au—Cu
alloys.
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would be less rough than the one using high J,. However, the Cu concentration is low
when a low J;, is used, and this limits the displacement reaction, that is, the surface
smoothening effect. As observed in the alloys electrodeposited at the ], = 5 mA/cm®
in Figure 11(e) and (f), the surface condition does not become smoother as the t,¢
increases from 30 to 100 ms.

3.5 Micromechanical properties of pulse electrodeposited Au-Cu alloys

Micromechanical properties of the pulse current electrodeposited Au—Cu alloys
are evaluated by microcompression tests to demonstrate the potential for applica-
tions in microelectronic devices. The micropillars with the same dimensions of
10 x 10 x 20 pm’ are fabricated from the thick Au-Cu films by FIB. Figure 13 shows
SIM images of 6 Au—Cu micropillars with different alloy compositions after the micro-
compression tests. Typical polycrystalline deformation (barrel-shape) is observed
in the micropillars at the Cu concentration below ~35 at% (Figure 13(a)—(d)). As
the Cu concentration increases to ~37 at%, the deformation behaviors change into
brittle fracture (Figure 13(e)). For the Cu concentration of 46.4 at% pillar (Figure
13(f)), the brittle fracture occurs from the crack boundaries originating from the
large agglomerates as observed in Figure 11(g). The large agglomerates and the brittle
fracture are also observed in the constant current Au—Cu alloys electrodeposited using
a high current density, in which the brittle fracture is observed when the Cu concen-
tration is higher than 37 at% (Figure 5(g) and (h)).

Engineering strain—stress (SS) curves obtained from the microcompression
tests are shown in Figure 14. The o,’s are estimated from the 0.2% offset line of the
elastic deformation region. Similar to the constant current Au-Cu micropillars, the o,
increases with an increase of Cu concentration and a decrease of grain size until the
Cu concentration reaches ~34 at% (Figure 14(a)—(d)). For the Cu concentration of 37
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Figure 12.
llustration of the morphology change with the pulse electrodeposition parameters.
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Figure 13.

SIM micrographs of the pulse current Au—Cu micropillars after compression tests. The micropillars were
fabricated from the thick Au—Cu with the Cu concentration of (a) 12.1 at%, (b) 15.6 at%, (c) 21.2 at%, (d)
34.2 at%, (e) 36.9 at%, and (f) 46.4 at%.
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Figure 14.
Engineering SS curves of the micropillars containing the Cu concentration of (a) 12.1 at%, (b) 15.6 at%, (c)
21.2 at%, (d) 34.2 at%, (e) 36.9 at%, and (f) 46.4 at%. The yield strength o, is marked by a hovizontal bar.
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at% micropillar, the o, reaches the highest value of 1.50 GPa. However, the subsequent
flow stress behaviors are different with the lower Cu concentration micropillars, which
are attributed to the difference in the deformation behaviors. The brittle fracture in
the Cu concentration of 36.9 at% and 46.4 at% micropillar (Figure 11(e) and (f))
leads to the stagnant and trembling flow stress after the yielding points.

3.6 Strengthening mechanisms in electrodeposited Au-Cu alloys

The 6, ranges from 0.90 to 1.50 GPa in the constant current- and pulse cur-
rent electrodeposited Au-Cu micropillars, which can be understood as synergistic
effects of the grain boundary strengthening [17] and the solid solution strengthen-
ing mechanisms [26, 27]. According to the grain boundary strengthening mecha-
nism [17], the strength of metallic materials increases as total amount of grain
boundary in a specimen increases, which is also understood as a decrease in the
average grain size. Moreover, the solid solution strengthening mechanism [26, 27]
is considered to restrict the dislocation movement due to interaction of the disloca-
tions with the strained lattice surrounding the solute atoms, which then leads to a
stacked strengthening beyond the grain boundary strengthening mechanism. In
Figure 15, the grain boundary strengthening mechanism can be summarized as the
Hall-Petch plots (o, vs. (grain size) ) using the results presented in this study and
the literature [47, 48, 60]. Due to lack of the literature on the yield stress of Au-Cu
alloys, the results obtained from Vicker microhardness (HV) tests are adopted and
converted to the yield stress by dividing the microhardness value to a Tabor coef-
ficient of 4 (o, = HV/4 [61]) for the comparison.

Overall, the values reported in the literature all follow the Hall-Petch relationship.
However, softening caused by the inverse Hall-Petch effect occurs when the grain size
scales down to ~6 nm. The results presented in this work also follow the Hall-Petch
relationship well. Most importantly, the results obtained in this study are much more
reliable than those of Vicker microhardness tests since the hardness results are often
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Plots of (a) inverse square root of the grain size (d,) and (b) Cu concentration versus the o,
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affected by the substrate, which cannot reflect real strength of the electrodeposited
films. A number of theories for solid solution strengthening have proposed that the
strength is proportional to the solute concentration with order of 1/2 [Fleischer (1963)]
or 2/3 [Labusch (1970)], which depends on the solute concentration. It is worth notic-
ing that the highest o, at 1.38 GPa obtained in the pulse current electrodeposited Au—Cu
micropillar is higher than that of constant current electrodeposited micropillar with the
same Cu concentration (o, = 1.15 GPa), demonstrating the capability to further refine
the grain size and enhance the strength by pulse current electrodeposition.

4, Conclusions

In the present study, high-strength Au-Cu alloys with nanocrystalline structure
are successfully fabricated by electrodeposition techniques in order to be applied in
fabrication of movable microcomponents in MEMS devices. The Au-Cu alloys are
first fabricated by constant current electrodeposition. Surface morphology of the
Au-Cu alloy films shows a wide variation from smooth surface to bump-clustered
agglomerates as the current density varies from 2 to 9 mA/cm? A reduction in
the grain size and an increase in the Cu content are observed with an increase in
the current density. The film with the finest grain size at 5.3 nm is obtained when
current density 6 mA/cm’ is used. For the microcompression tests, the specimens
evaluated are micropillars with dimensions of 10 x 10 x 20 um? fabricated from the
electrodeposited Au-Cu alloys. The highest 6, at 1.15 GPa is achieved for the Au-Cu
micropillar having the grain size of 5.3 nm and the Cu concentration of ~30 at%.
The yield strength is higher than the values reported in the literatures and suggested
to be a synergistic effect of the grain boundary strengthening mechanism with the
solid solution strengthening mechanism.

Furthermore, effects of the pulse current parameters on the alloy composition,
grain size, surface morphology, and micromechanical property of the Au-Cu alloys
are investigated. A wide Cu concentration in the Au-Cu alloys ranging from 10 to 54
at% is obtained. An increase in the Cu concentration is observed by using either or
both of a high pulsed current density and a short current off-time. The smallest grain
size of ca. 4.4 nm is achieved in films having the Cu concentration ranging from 30
to 40 at%. Grain refinement is achieved with a high J;,, and promoting the displace-
ment reaction could also reduce the grain size. A high J; results roughening of the
surface, and enhancing the displacement reaction leads to a surface smoothening
effect. Deformation behavior of the Au-Cu micropillar is affected by the Cu concen-
tration, in which brittle fraction is observed when the copper concentration is higher
than 37 at%. An ultrahigh yield strength of 1.50 GPa is obtained in the micropillar
having the Cu concentration of 37 at% and the grain size of 4.7 nm. As a result, Au-
Cu alloys developed in the present study are suggested to fulfill the requirements to
fabricate more sensitive and miniaturized next-generation MEMS devices.
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Chapter 6

Hard Pure-Gold and Gold-CNT
Composite Plating Using
Electrodeposition Technique with

Environmentally Friendly Sulfite
Bath

Masatsugu Fujishige and Susumu Arai

Abstract

Gold was used by Chinese and Egyptians of ancient times (at least ca 3000 BC).
For many years, gold based materials have received great attention from people,
due to the good conductor, high chemical stability, unique optical and processable
properties. Electrodeposition technology is a long established technique for synthe-
sizing metals on conductive substrates. Advances in equipment and creations of
nanomaterials could carry out new technological progress, a large duty ratio with a
pulse overvoltage became possible and new composite fillers (for example, carbon
nanotubes: CNTs) appeared. Moreover, environmental considerations have become
more important as Sustainable Development Goals (SDGs). SDGs were adopted at
the United Nations Summit in September 2015 and are the goals set by the 193
member countries to achieve in the 15 years from 2016 to 2030. For the global
environment and workers, friendly manufacturing methods have become more
important. In this chapter, two nanostructured golds (hard pure-gold plating and
gold-CNT composite plating) are discussed. They are a method of hardening the
metal as pure-gold by pulsed electrodeposition and a method of combining CNT by
controlling the zeta potential with additives, and their application as a contact
material was investigated. Additionally, the synthesis and characteristics of electro-
static deposition films with properties using environmentally friendly sulfite bath
are discussed.

Keywords: nanostructure, gold-plating, non-cyanide, Hall-Petch relation,
contact resistance, CNT composite

1. Introduction

Richard P. Feynman spoke “There is Plenty of Room at the Bottom” [1]. This
talk is given on 26 December 1959, at the annual meeting of the American Physical
Society (APS) at the California Institute of Technology, reconsidered the impor-
tance and possibility of micro and nanotechnology in recent years. Microelectro-
mechanical systems (MEMS) shows sensors and devices fabricated based on
semiconductor microfabrication technology [2]. MEMS are usually used in pressure
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sensors, inkjet printers, microfluidics, etc. In recent years, product integration has
increased, various problems are occurring. Electric contacts are also no exception,
and here we discuss new gold plating that provides a solution to the problem. It is
widely used as a contact material.

Gold was used by Chinese and Egyptians of ancient times (at least ca 3000 BC)
[3-5]. For many years, gold based materials have received great attention from
people, due to the good conductor, high chemical stability, unique optical and
processable properties [6]. Electrodeposition technology is a long established tech-
nique for synthesizing metals on conductive substrates. The properties of the
deposited film are simply controlled by their morphologies (grain size, shape,
roughness, brightness). Moreover, the deposited structure depends on process
parameters such as the composition, temperature and pH of electrolyte, the magni-
tude of applied current densities, substrate. Advances in equipment and creations of
nanomaterials could carry out new technological progress, a large duty ratio with a
pulse overvoltage became possible and new composite fillers (for example, carbon
nanotubes: CNTs) appeared. Moreover, environmental considerations have become
more important as Sustainable Development Goals (SDGs). SDGs were adopted at
the United Nations Summit in September 2015 and are the goals set by the 193
member countries to achieve in the 15 years from 2016 to 2030. For the global
environment and workers, friendly manufacturing methods have become more
important.

In this chapter, two nanostructured golds (hard pure-gold plating and gold-CNT
composite plating) are discussed. Additionally, the synthesis and characteristics of
electrostatic deposition films with properties using environmentally friendly sulfite
bath are discussed.

2. Two kinds of new gold plating for contact material
2.1 Hard pure-gold plating

In recent years, there has been a demand for miniaturization to various parts due
to an increase in degree of integration of electronic parts. Electric signal probes for
inspecting semiconductor package parts have the same demand, and the terminal
pitch is gradually narrowed. As a result, the mechanical contact pressure of the
probe was lowered and its contact resistance increased. Technical problems have
been occurred such as the device stability, and heat generation of the electrical
contacts for inspecting the electronic parts. For example, at a contact pressure of
about 0.5 N, the contact resistance of the probe is 30 mQ, whereas at a contact
pressure of about 0.15 N, the contact resistance reaches 100 m€. This Joule heating
value is approximately three times as high as the original. Therefore, there is a
demand for a new plating film on the probe surface which does not increase the
contact resistance even with a low contact force, while maintaining the environ-
ment/durability equal to or higher than the conventional level.

Generally, the gold used as the contact point is a soft metal. However, gold
plating for inspection probes has a moderate hardness and durability improved by
adding trace amount of Co. In this conventional gold plating film, the specific
resistance value is higher than that of pure gold, and the contact resistance associ-
ated with this value is also increased. Therefore, we focused on hard pure-gold
plating technique without alloying [7]. There are reports [8-10] that can control the
grain size toward small by pulse plating that repeats ON/OFF of current. The
plating bath and the pulse electrodeposition method were devised to decrease the
crystal size. In metals, according to Hall-Petch law [6, 11], metals are hardened by
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reducing crystal size. The obtained hard pure-gold plating film was applied to the
probe surface [12] and its electrical contact characteristics were evaluated. Further-
more, in consideration of recent SDGs correspondence, the non-cyanide base bath
has been used for a friendly environmental society.

2.1.1 Material and method

There is a report [13] in which a sulfite complex is used for a non-cyanic plating
bath. In this section, the base sulfite bath was used as a non-cyan gold plating bath.
Table 1 shows the composition of the plating bath and the plating conditions.

The condition of rectangular pulse current was optimized at the average current
density of 50 A/m?, the pulse period of 100 ms, and the duty ratio of 0.1. The Ni-P
plated film was used as an experimental substrate (amorphous alloy as a base film)
with thickness of about 3 pm on Cu plate. A plating bath manufactured by Meltex
was used for plating the base film. The substrate used for the experiment was
insulated with a masking tape excepting the deposition surface (10 mm x 20 mm),
alkaline degreasing and acid treatment were carried out as plating pretreatment.
Further, for comparison, a hard gold plating film with Co-content was similarly
prepared, which was plated on the probe, used a commercially cyan bath (by
Meltex: Auronal 44 BC). The characteristics of the plated films were evaluated in
terms of surface morphology, Vickers hardness, X-ray diffraction (XRD), and spe-
cific resistance value, by a field emission scanning electron microscope (FE-SEM:
S-4100, Hitachi), a dynamic indentation tester (DUH-201, SHIMADZU), X-ray
diffractometer (RINT2200V, Rigaku), a four probe method, respectively.

2.1.2 Prototype probe

Figure 1 shows the photograph of the probe with both ends moved (spring
movable stroke of 0.65 mm). A prototype was fabricated by plating the developed
plating film on the movable part at both ends of the probe (Cu alloy, and the Ni-P
plating as base) shown in Figure 1.

The repeated durability of the contact resistance was compared and evaluated
for the prototype probes (using the same parts) of the current plating film and the
developed plating film. Both gold plates were used for the contact resistance mea-
surement of the probe, and a four-terminal method was used for the electric circuit

Sodium gold sulfite 0.05M

Sodium sulfite 05M

2,2'-bipyridyl 100 ppm

Additive Small quantity

Bath temperature 60°C

Bath volume 100 ml

Average current density 50 A/m*

Film thickness 5 pm (efficiency 100%)

Substrate Amorphous Ni-P alloy film

Anode Pt-plated Ti mesh

Agitation Magnetic stirring
Table 1.

Sulfite gold plating bath composition and plating condition.
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Figure 1.
Photograph of the probe with both ends moved (spring movable stroke of 0.65 mm,).

measurement. Here, the measurement was performed at room temperature (RT,
the temperature: 24°C, the humidity: 50% [14]) with the probe stroke of 0.65 mm,
the load of about 0.24 N, and the measuring current of 10 mA.

2.1.3 Surface observation by FE-SEM

The three types of electrodeposited films, (a) a hard gold plating film with
Co-containing (AuCo film) from a cyanide bath, (b) a direct current (DC) gold
plating film (DC-Au film) from an original sulfite bath, (c) a pulsed current plating
film from the same original sulfite bath (PC-Au film), were prepared and observed
the surface morphology by FE-SEM are shown in Figure 2, respectively.

Compared with the surface morphology of AuCo film from Figure 2(a), it can
be confirmed that the DC-Au film has larger angular crystals (Figure 2(b)). The
surface of PC-Au film (Figure 2(c)) shows the small crystals without corners by
comparing with that of DC-Au film (Figure 2(b)).

2.1.4 Vickers havdness (Hv) measurement

Figure 3 shows the average value, the maximum value, and the minimum value
of Hv obtained from three kinds of plated film surfaces by measuring 10 times at
RT using a dynamic indentation tester. Here, the measurement conditions using a
diamond indenter were carried out at the test load of 10 gf, the load speed of
0.675 gf/s, and the holding time of 20 s.

From this result, (c) PC-Au film is about twice as hard as (b) DC-Au film, which
is harder. The Hv value is close to that of commercially available (a) AuCo film. It
is presumed that the improved hardness of PC-Au film is due to the crystal size.
Next, the crystal structure of the plating film was investigated by XRD.

Figure 2.
Surface SEM images of various Au plating films, (a) AuCo film, (b) DC-Au film, (c) PC-Au film.
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Figure 3.
Vickers hardness (the average, maximum and minimum value) of varvious Au plating films; (a) AuCo film,
(b) DC-Au film, (c) PC-Au film.

2.1.5 Relationship between crystallite size and Vickers hardness (Hv)

Figure 4 shows the results of XRD measurement of the three plating films,
(a) AuCo film, (b) DC-Au film, and (c) PC-Au film, using Cu tube (CuKal:
wavelength 1.5405 A), at 40 kV and 20 mA.

From Figure 4, gold peaks of face-centered cubic (FCC) crystal were confirmed
in all the samples. The crystallite size Dy, of the (hkl) face (Miller Index) was
calculated by the Scherrer equation of the following Eq. (1) [15].

1)

The apparent crystallite size (D,) was determined using a weighted average of
the crystallite sizes from the XRD peaks on each face. In this calculation, the
following Eq. (2) was used.

_ > et Dkt - Tnkr _ D111 - I111 + D200 - I200 + D20 - 1220 + D311 - Isna

D
! okt Tk 11 + Ino0 + Ino + Isnn

(2)

As a result, the values of the crystallite size (D,) from (a) AuCo, (b) DC-Au, and
(c) PC-Au films were (a) 19.1 nm, (b) 28.9 nm, and (c) 17.0 nm, respectively. In the
original bath, (c) PC-Au film obtained by the pulse electrodeposition has wider
peak and smaller Da than that of (b) DC-Au film obtained by the direct current
electrodeposition. The reason for these results is related to the fact that the critical
radius r. of the crystal nucleus according to the following Eq. (3) is decreased by
pulse electrodeposition with a large overvoltage (1) [16].
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Figure 4.
X-ray diffraction patterns of various Au films; (a) AuCo film, (b) DC-Au film, (c) PC-Au film.

4
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e

It is possible to form small crystal nucleus in this case. Here, y is the intrinsic
surface energy, V is the atomic capacity (the volume occupied by 1 g atom in the
solid state), z is the valence, F is the Faraday constant, and 7 is the overvoltage. In
general, for metals, the Hall-Petch rule expressed by the following Eq. (4) is
established with mechanical yield strength o [6, 11].

6:60+k'd7% 4)

Here, oy is the intrinsic yield strength (independent of crystal size), k is the
constant depending on materials, and d is the crystal size. For the metal film, a
proportional relationship is established between the yield strength and the hardness
Hv. Paying attention to Eq. (4), the smaller the crystal size is, the harder the metal
material is.

Various samples were prepared by changing pulse conditions in the same
method, and the relationship between grain size (D,) from XRD and Hv was as
shown in Figure 5 (Hall-Petch rule).

From the results in Figure 5, although the Hv of the pulsed electrodeposition
film increases as the crystallite size decreases, the plot tends to decrease from
around the critical point (D,~Y? = 0.24). The reason for this is presumed to be the
result of the inverse Hall-Petch rule [17-19] that the self-weight collapse occurs in
this gold electrodeposition film when the crystallite size becomes too small.
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Figure 5.
Relationship between crystallite size (grain size Da) from XRD and Vickers hardness Hv; (a) AuCo film,
(b) DC-Au film, (c) PC-Au film.

Therefore, the condition around D, 2 = 0.22 (D = 20.7 nm) was selected to form
the plated film to obtain appropriate hardness for probe application.

2.1.6 Specific resistance value of plating film

In general, the four probe method of the following Eq. (5) is used as a standard
method for measuring the resistivity p at RT [20]. Here, the variable ¢ is the plating
thickness, and the value (V/I) indicates the resistance value between the measuring

terminals.
it \%
P =12 (7) (5)

In order to measure the resistivity, the sample plated films were peeled. The
resistivity p was calculated by the four probe method using the tungsten probe at
intervals of 1 mm, and the results are shown in Table 2 (reference description:
crystallite size (D,), average value of Hv). The plating thickness is obtained by
averaging five points as measured by the fluorescent X-ray meter (SFT 3200, SII).

Compared to the resistivity of the commercially available (a) AuCo film, those
of both (b) DC-Au film and (c) PC-Au film from the original pure gold plating bath
were about 3 x 10~° mQ cm lower.

2.1.7 Prototype probe applied with gold plating
In a system in which elastic deformation is predominant, such as 0.1 N <

P < 100 N (P is the contact load), the contact resistance R is expressed by the
empirical formula of the following Eq. (6) [21, 22]. Here, p; and p, are the resistivity
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(a) AuCo (b) DC-Au (c) PC-Au
Average of measured resistance values (mQ) 4.03 2.6 32
Deviation of measured resistance value (mQ) 0.11 0.06 0.92
Average plating thickness (pm) 4.4 3.95 3.44
Specific resistivity p (107° mQ cm) 8.04 4.65 498
Average value of Vickers hardness (Hv) 211 97 199
Apparent crystallite size Da (nm) 19.1 28.9 17

Table 2.
Specific resistivity p of samples; (a) AuCo film, (b) DC-Au film, (c) PC-Au film (reference description:
crystallite size Da, average value of Vickers hardness).

values of two materials in contact, H is the Brinell hardness, and P is the
contact load.

+ H
PP 2 (6)

R=140-
2 p

It is suggested that the contact resistance can be lowered by the decrease of the
resistivity proportional to its value. Utilizing this, the pulsed hard pure gold plating
film was applied to the parts of the probe. Using two types of plated film probes,
(a) AuCo film (conventional product) from commercial cyanide bath and (c)
PC-Au film (fabricated product) from original bath, the results of the durability
comparison during the contact resistance of 100,000 times are shown in Figure 6.
In Figure 6, the vertical axis represents the contact resistance value [mQ] of the
probe; (a) AuCo plating and (c) PC-Au plating, and the horizontal axis represents
every 1000 durability measurement times. The bar is maximum and minimum
values at every 1000 times measurement, and the average values were plotted.
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Figure 6.
The durability about the contact vesistance of 100,000 times; the probe of (a) AuCo plating and (c) PC-Au
plating.
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Calculating the average value of the contact resistance, (a) the resistance of the
conventional product probe was 32.6 mQ (deviation 2.07), and (c) that of the
fabricated product probe was 21.6 mQ (deviation 0.80). This fabricated probe has
an advantage that the contact resistance value decreases by 11 mQ and its variation
is low, and improvement of electrical contact characteristics could be realized.

2.2 Gold-CNT composite plating

Carbon materials have attracted attention for a long time due to their character-
istic structural, electronic, thermal, chemical, mechanical properties [23]. Since the
discovery of carbon nanotube (CNT) [24, 25], great number of fundamental and
technological research on CNT has been developed [26]. CNT is characterized by
small diameter and high aspect ratio with outstanding mechanical strength, flexi-
bility, high electrical conductivity and chemical stability [27].

For instance, material-CNT composites as a lightweight and high strength mate-
rial have been actively studied [28-32]. Recently, CNT’s application of seawater
desalination has progressed in Shinshu University and has been drawing attention
[33]. In general, the hydrophilic property at the interface and the difference in
specific gravity between a metal matrix and filled CNTs make it difficult to fabri-
cate a metal-CNT composite film with uniformly distributed CNTs and a good
tribological behavior. Metal-CNT composite films have been fabricated [34-37],
using various types of metals (Ni, Cu and Ag) by composite plating [38-44].
However, the pH levels of plating baths, being on the acidic side, are low. There are
very few reports about the fabrication of a CNT composite plating film under the
basic condition. Moreover, recently used industrial electric contacts, for example, a
probe for inspecting parts of a semiconductor package, have encountered a draw-
back due to their adhesion and increase in resistivity after repeated use. Thus, a
non-adhesive plating material for connector application is strongly required.

In this section, to develop a new composite material for next-generation electric
contact applications, an Au-CNT composite plating film was fabricated by electro-
deposition [40]. An effective additive was added into a non-cyanide CNT plating
solution, affording the formation of an Au-CNT composite film in a basic solvent by
an environmentally friendly method.

2.2.1 Carbon nanotube (CNT) and gold plating bath

A vapor-grown carbon fiber (VGCF; Showa Denko) which is one type of
multiwalled CNTs, was used in this study. An Au-CNT plating bath was prepared
by adding 0.05 M Na3Au(SOs3),, 0.5 M Na,S03, 100 pp. 2,2'-dipyridyl, and 0.2 g/l
VGCEF into ion-exchanged water. Moreover, 0.1 g/l trimethyl stearyl ammonium
chloride (C,1H46CIN) was added into the above solution. The mixture was stirred
using an ultrasonic agitator (28 kHz) for 2 h. The volume of the plating bath was
100 cm®. The plating was performed at 60°C and pH 8 using a magnetic stirring
agitator. The current density was 50 A/m” and a Pt-plated Ti mesh was used as the
anode [8]. A copper (Cu) board with an exposed area of 200 mm? (10 x 20 mm?)
was used as the substrate. The Cu substrate was plated using a Ni-P amorphous
alloyed layer with a thickness of 3 mm. A Ni-P plating bath is a commercially
available plating solution (Meltex). Before plating, the substrate was pretreated by
alkali degreasing and acid treatment. For comparison, an Au plating film was
prepared using an Au plating bath without adding CNTs. FE-SEM equipped with
energy-dispersive X-ray spectroscope (EDX; JED-2300F, JEOL) was used to study
the surface morphology and CNT content of the fabricated plating films. Hv was
measured using a dynamic hardness tester (DUH-201, Shimadzu). A diamond
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indenter was vertically employed with a test load of 0.098 N, a load speed of 6.6
mN/s, and a hold time of 20 s at RT. The intrinsic resistance of the fabricated plating
films was determined by a four-point probe method. Tungsten (W) probes were
used with a probe spacing of 1 mm. Tribological properties were measured using a
ball-on-plate-type reciprocating friction abrasion test machine (MMS-2419, Nissho-
EW). A brass ball (8 mm in diameter) plated with 4.5 pm Ni-P and 1 pm hard-Au
layers, was used as the counter surface. The test was repeatedly conducted in

50 cycles at a load of 0.5 N, a sliding length of 2 mm, a sliding speed of 0.5 mm/s at
RT. The test was performed under ambient conditions without any lubricants.
During the test, the friction coefficient was measured continuously using a load
tester.

2.2.2 Gold-CNT composite plating film

The fabricated Au-CNT composite film appeared to be relatively black. Figure 7
(a) and (b) shows SEM images of the fabricated Au-CNT composite film and the
Au film, respectively.

CNTs were tangled with the Au matrix and protruded from the matrix surface.
The surface morphology of the Au-CNT composite film was relatively rough owing
to the existence of many voids. It was previously reported that, in the composite
film, metal is easily separated at the CNT apex and defects of CNTs. Before CNTs
are entirely coated, the plating process is promoted at the apex or defects of CNTs,
resulting in the formation of voids in the deposited film [34]. The result of EDX
analysis indicated that the content of CNTs in the Au plating film was about 4 mass
%. In the plating process, CNTs could not be homogeneously dissolved in the
solution without C,;H4CIN even if it had been mechanically stirred for 48 h, and
consequently, the plating bath could not be prepared. From the above results,
C,1H46CIN was found to be an effective additive for Au-CNT composite film fabri-
cation using a non-cyanide bath, which is an environmentally friendly method.

2.2.3 Gold plating bath and zeta potential

The mechanism of the eutectoid composition of the Au-CNT composite film is
assumed to be based on the deposition of CNTs by electrophoresis. Normally, the
zeta potential of CNTs decreases and easily becomes negative when the solution
becomes basic [45, 46]. Although CNTs are modified by N-doping or heat treat-
ment, their zeta potential becomes negative at a basic pH of 8 [47, 48]. Since the
CNTs repulsed by the cathode during reduction react, it is difficult to combine
CNTs in a basic solution. At this stage, although the role of the additive has not yet

Figure 7.
SEM images of the surface sample; (a) the fabricated Au-CNT composite film, (b) Au film.
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been clearly elucidated, the results obtained in this study apparently show that the
additive is important for Au-CNT composite film fabrication.

Figure 8 shows the VGCF zeta potential of 0.05 g/L under various potential of
hydrogen (pH) in three solutions; (a) conventional dispersant of 0.5 mM in water,
(b) fabricated dispersant (C,;H46CIN) of 0.5 mM in water, (c) plating solution
diluted 20 times.

The hydrophobicity of the additive is likely to effectively provide a positive zeta
potential for CNTs. This was also evidenced in the plating process. The zeta poten-
tial of CNTs was found to be positive in the solution, and consequently, CNTs with
a positive zeta potential were attracted toward the plating cathode.

2.2.4 Havdness and electrical properties of Au-CNT composite film

Table 3 shows the Hv and resistivity of the Au-CNT composite film and the Au
film, respectively. The Hv is the average measured at 10 points. In general, to
measure the Hv accurately, film thickness is required to be 10 times higher than the
depth of the indenter pressed into the film. Thus, it should be noted that the
measured value includes the substrate effect.

The Hv of the Au-CNT composite film and the Au film were Hv 133 and Hv 95,
respectively. The fabricated Au-CNT composite film was harder than the Au film
by 1.4 times.

For intrinsic resistance measurement, while the film thickness is sufficiently
small compared with the probe spacing, the intrinsic resistivity p can be expressed
by p = (nt/In2)/(V/I) [20], where value t is the average film thickness measured at
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Figure 8.
The VGCF zeta potential of 0.05 g/L under various potential of hydrogen (pH) in three solutions;

(a) conventional dispersant of 0.0005 M in water, (b) fabricated dispersant (C21H46CIN) of 0.0005 M in
water, and (c) plating solution diluted 20 times.

Vickers hardness (Hv) Resistivity (10"° mQ cm)
Au-CNT composite film 133 5.63
Au plating film 95 4.65

Table 3.
The Vickers hardness and vesistivity of the Au-CNT composite film and the Au film.
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five points by X-ray fluorescence analysis (SFT3200, SII), and (V/I) is the average
resistance of the thin film measured at three points. The resistivity of the Au-CNT
composite film and the Au film were 5.6 and 4.7 x 10~® mQ cm, respectively. The
fabricated Au-CNT composite film showed a higher resistivity than the Au film by
1.2 times. The voids and the interface between Au and CNTs are likely attributed to
the Vickers hardness and the resistivity.

2.2.5 Friction coefficients of the Au-CNT composite film

Figure 9 shows the friction coefficients of the Au-CNT composite film and the
Au film, as a function of sliding length against Sn ball of 8 mm diameter.

In the case of the Au-CNT composite film, the friction coefficient gradually
decreased toward the sliding length. After the test, at a total sliding length of
200 mm (50 repeated cycles), the friction coefficient was 0.28. On the other hand,
in the case of the Au film, the friction coefficient increased to 0.58 and gradually
decreased at a sliding length of 130 mm. The Au-CNT composite film showed a
lower friction coefficient than the Au film.

Figure 10(a) and (b) shows SEM images of the Au-CNT composite film and the
Au film after the wear test, respectively.

The worn area of (b) the Au film was relatively large compared with that of (a)
the Au-CNT composite film. The track with a width of approximately 200 mm was
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Figure 9.
The friction coefficient of (a) the Au-CNT composite film and (b) the Au film, as a function of sliding length
against Sn ball of 8 mm diameter.

Figure 10.
SEM images of (a) the Au-CNT composite film and (b) the Au film after the wear test.
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found on the surface of the Au film. The entire surface of the worn area of the Au film
was damaged, while that of the Au-CNT composite film was partly damaged. CNTs
still remained in the worn area of the Au-CNT composite film, lying transversely
[Figure 10(a) inset]. Adhesive wear is one of the friction phenomena. The smaller
the surface area, the weaker the force of the adhesion shear [49]. The small contact
area and transversely lying CNTs seem to contribute to the low friction coefficient.

3. Conclusions

To summarize, a pure-gold plated film with nano-order crystals was fabricated
by devising a pulse electrolysis method using a non-cyanide bath. As a result of
confirming their structure with FE-SEM or XRD, although refinement of this crys-
tal showed an increase in hardness according to Hall-Petch rule, this law did not
hold in the range smaller than around Da = 20 nm, and on the contrary it showed a
decrease in hardness. By controlling a crystallite size (around Da = 21 nm) where
the hardness does not decrease, the fabricated pure gold plating film without
alloying maintains a moderate hardness (Hv = 199: Hv = 210 with AuCo film), its
specific resistance (5 x 107° mQ cm: 8 x 10~° mQ cm with AuCo film) than the
conventional hard gold plating film. By applying the developed plating film to the
probe, the contact resistance value of the repeated test could be reduced by about
11 mQ, be achieving high performance with low variation. Conventionally,
non-cyanic plating baths have lower life and stability compared to cyanide baths,
and this is also a problem in the developed plating baths. However, compared to
conventional AuCo plating, the fabricated hard pure gold plating has superiority in
environmentality and workability with non-cyan, reliability of electric contact
(reduction in contact resistance, stability of repeated variation).

In summary of the second film, an Au-CNT composite plating film was fabri-
cated by electrodeposition. A non-cyanide Au-CNT composite plating film was
successfully formed by adding an effective additive, at alkaline environment. This
was presumed to relate the zeta potential. The Au-CNT composite film is advanta-
geous over the Au plating film in terms of a high hardness and a low friction
coefficient. Thus, the Au-CNT composite film along with the desired method and
the precise control of the content and orientation of CNTs are expected to make
CNTs as promising material of sliding electric contacts, such as connectors.

In view of the application of contact materials used for MEMS, two methods of
gold plating were introduced. In the society where miniaturization is advancing, the
role of electrical contacts has also grown. Gold as a contact material will become
more important. As described above, the advantage and potential of the new gold
plating were confirmed, but there is still room for improvement in terms of perfor-
mance. In addition, issues such as economical cost, safety of the use side, system
construction for sustainable society formation (recycling) remain. Technological
progress in the future is strongly expected.
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Abstract

MEMS gas sensors could exert a significant impact on the automotive sec-
tor since future legislation is expected to stipulate the monitoring of NOy and
unburned fuel gases in vehicle exhausts. Among the materials, zinc oxide and
TiO, are the most promising and extensively used materials for monitoring of NO,
gas since zinc oxide and TiO, show the high sensitivity, good stability, and fast
response. Electrochemistry is a potential method to fabricate zinc oxide and TiO,
for the applications since it is carried out at relatively low temperature and can
cooperate with photolithography, which is an important process in MEMS. This
study integrated zinc oxide/gold-layered structure and TiO,/NiP hybrid structure
on elastic fabrics, respectively, to realize an elastic gas sensor. Electroless plating
(EP) and cathodic deposition were used to metallize and deposit metal oxides on
elastic fabrics. Supercritical carbon dioxide (scCO,) was further introduced into the
electrochemical process to enhance the composite reliability.

Keywords: MEMS gas sensors, zinc oxide, TiO,, supercritical carbon dioxide,
electroless plating

1. Introduction

The worldwide market of functional wearable devices (WD) is predicted to keep
blossoming in the near future [1]. Meanwhile, WDs are differentiated into various
functions such as gas sensor, and photocatalytic devices [2] due to different require-
ments in the next-generation technology. The combination of gas sensor materials
and elastic substrate materials turns out to be the most crucial step in assembly of
the component used in WDs. For instance, integration of gas sensor materials (i.e.,
zinc oxide and Ti0,), electrically conductive bases, and elastic substrate material is
necessary to produce WDs-equipped gas sensing.

Elastic materials like cloth fabrics are mostly electrically insulator, and the
elastic substrate material can be made electrically conductive by coating thin metal-
lization layer on the electrically nonconductive substrate through electroless plating
(EP) [3]. EP consists of a pretreatment procedure to clean the substrate material, a
catalyzation (cat.) procedure to activate the substrate, and a metallization proce-
dure to deposit metallization layer on the substrate material.
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At (conventional) CONV cat. step, catalyst-included acidic aqueous solution is
utilized to activate the substrate material by inlaying catalysts on substrates; mean-
while, the substrate morphology is often destroyed in this step. Due to polarity of the
aqueous cat. solution and the high surface tension, the catalyst is merely deposited
on the surface of the substrate bringing low adhesion between two materials. On the
other hand, supercritical CO, (scCO,) is introduced to the cat. procedure to improve
the deposition characters [4, 5]. CO, turns into supercritical phase showing proper-
ties in the middle of gas phase and liquid phase as both the temperature and pressure
are higher than its critical point [6]. scCO, is used as the solvent and a metal-organic
complex was used as the catalyst. Due to the affinity to nonpolar material [7], low
surface tension [8], and high self-diffusivity [6] of scCO,, scCO, thus can convey the
organic catalyst into confined spaces and carry it to go into the fabric while remains
the substrate structure intact.

When it comes to the gas-sensing function, there are various fabrication
methods to produce metal oxides (MOy), which include high-temperature vapor
deposition [9], polymer-mediated chemical reaction [10], hydrothermal-annealing
procedure [11], and single-container electrolyte-based technique [12]. Among the
fabrication techniques, cathodic deposition allows a facile and effective procedure
for the fabrication of MOy [13-16]. Furthermore, cathodic deposition can cooperate
with lithography to allow further applications such as patterning, which is impor-
tant for the MEMS fabrication process. The sensing material/metallization layer/
elastic cloth fabric composite material was practiced by scCO,-promoted EP and
cathodic deposition toward applications in gas sensor in this study.

Even a slight uncomfortableness due to the rigid element in a WD can be annoy-
ing to the active users, and thus an elastic material is required in WDs. Silk fabric,

a common clothing material, was selected due to its elasticity and stretchability

in this study. A thin gold layer was selected as the electrically conductive layer.
Furthermore, gold also shows great ductility [17], which is a critical prerequisite of
WDs. There are many materials that can act as the sensing material in the hybrid
material, such as titanium dioxide [18], copper (II) oxide [19], and zinc oxide [20].
Zinc oxide was deposited via cathodic deposition in this study as the sensing mate-
rial due to its comprehensive applications, requirement of low fabrication tempera-
ture to have high crystallinity, and simple fabrication process.

On the other hand, co-EP technique was used in this study to equip the elastic
silk fabric with electrically conductive NiP and sensing materials TiO, together by
introducing TiO, particles into the NiP metallization electrolyte to form a suspen-
sion solution. Adhesive firmness can be enhanced by the included TiO, in the
composite. There are several literature studied on the inclusion of TiO, in metal
matrix via electrochemical methods such as electrodeposition and EP to enhance
properties of the metal matrix. Gawad et al. [21] synthesized NiP-Al,O; and NiP-
TiO, composite layers on Cu substrate from alkaline hypophosphite gluconate baths
and studied their properties. This study reported that inclusion of these oxide
particles influences structure of the NiP matrix. Hardness, corrosion resistance,
and coating brightness were enhanced with the TiO; inclusions. Thiemig and Bund
[22] fabricated Ni-TiO, composite materials by electrocodeposition via an acidic
sulfamate bath and an alkaline pyrophosphate electrolyte. Mechanical properties of
the Ni-TiO, composite materials were enhanced while comparing to pure Ni elec-
trodeposition in this literature. Parida et al. [23] investigated the ultrafine Ni-TiO,
composite films by direct current electrodeposition technique on steel substrate
from Watt's bath. With the inclusion of TiO, in the films, high microhardness and
high wear resistance were realized while comparing to pure Ni electrodeposition.
Benea et al. [24] worked on the electrocodeposition of Ni and TiO,. The results
showed high hardness and high wear resistance. Momenzadeh and Sanjabi [25]
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studied the effect of TiO, concentration (conc.) in the electrolyte on the mechanical
properties. They further introduced sodium dodecyl sulfate (SDS) surfactant into
the electrolyte to increase the TiO, inclusion amount.

All the aforementioned literature worked on the mechanical properties such as
wear resistance and hardness. In addition, all the composite materials were depos-
ited on rigid substrates. However, flexibility is a critical requirement for gas sensing
in WDs. There are merely limited literature working on decoration of metal-based
composite on an elastic substrate and investigating its properties.

Here, we report a facile fabrication process in realization of an elastic and
sensing material zinc oxide/gold/silk and TiO,/NiP/silk-layered composite material,
respectively, toward applications of gas sensor. Fundamental properties required
for WDs such as electrical resistance, corrosion resistance, and adhesive firmness of
the composite evaluations are demonstrated.

2. Silk/gold/zinc oxide hybrid structure
2.1 Activation of silk fabric via scCO, palladium (II) acetylacetonate cat.

Figure 1 shows OM images and X-ray diffraction patterns of the as-received
silk and the catalyzed silk. The crossed-linked see-through bundles shown in
Figure 1(a) imply the silk fabric, and the yellow flakes in Figure 1(c) specify the
palladium (II) acetylacetonate catalyst. A broad peak at 20 = 20° can be observed
in Figure 1(b), which reveals an amorphous structure of the silk fabric. On the
other hand, diffraction peaks labeled by diamond symbols can be corresponded
to palladium (II) acetylacetonate [26, 27], and the results suggested the catalysts
were successfully inlayed into the substrate. As shown in the OM figures, silk fabric
persisted after the cat. procedure due to the low surface tension, low viscosity,
and nonacidic characters of scCO,. The scCO,-promoted cat. step confirmed a
significant enhancement while compare to the CONV cat. process. Palladium (II)

Intensity (auw.)

10 20 30 40 50 60 70 80
20 (deg)

. 100pm |

Figure 1.
(a) OM image and (b) X-vay diffraction pattern of the as-veceived silk as well as (c) OM image and (d) X-ray
diffraction pattern of the catalyzed silk (diamond symbol: Pd(acac), catalysts).
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acetylacetonate acts as an activation site after it was reduced to Pd metal by the
reductant in the metallization solution. Pd metal can play the role of catalyst and
activate the following metallization.

2.2 Morphology, composition, and structure of silk/gold

Development of the gold layer is shown in Figure 2. Figure 2(a) shows mor-
phology of the specimen with the NiP metallization period at 4 min before the gold
metallization. Figure 2(b—d) demonstrates the gold metallization period at 3, 5,
and 80 min, respectively. At 3 min of the gold metallization (Figure 2(b)), part of
the NiP layer was still not enclosed showing a gray luster. As the gold metallization
period was extended to 5 min and longer (Figure 2(c) and (d)), the NiP layer was
completely concealed by the gold layer.

The X-ray diffraction patterns at various gold metallization periods are shown
in Figure 3(a—c). Five apparent diffraction peaks shown in Figure 3(a—c) locate at
20 =38.2, 44.4, 64.6, 776, and 81.7° can be indexed to (111), (200), (220), (311),
and (222) planes, respectively, of the FCC structure for gold (JCPDS #65-2870). In
Figure 3(a), at 3 min of the gold metallization period, only a thin layer of gold was
metallized on the silk, and the broad diffraction peak of silk at around 20° was still
detectable. NiP diffraction peaks were not found in Figure 3(a), because the NiP
metallization layer is selected as the sacrificial metallization layer for thin gold metal-
lization. Moreover, it performs amorphous structure, which the amorphous peaks are
overlaid by the gold diffraction peaks with high intensity. As the gold metallization
continued, no diffraction peaks of the silk fabric were detected in the X-ray diffrac-
tion patterns (Figure 3(b and c)) since the gold layer is thick enough to suppress the
diffraction peaks from the silk. Figure 3(d) indicates the composition change with
the gold metallization period. In the first place, owing to the inadequate thickness
of gold, the thin NiP metallization layer was detected by EDX. On the other hand,
thin NiP metallization layer was no longer found when the gold metallization period
extended to 80 min. Phosphorus was not found due to the inadequate quantity.

1|

{(oFs iR, .

Figure 2.
OM images of the (a) Ni-P metallized silk and the Au metallization at (b) 3 min, (c) 20 min, and (d) 8o min.
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Figure 3.
X-ray diffraction patterns of the Au metallization at (a) 5 min, (b) 20 min, and (c) 80 min and (d) the
composition revolution with the Au metallization time.

Figure 4 illustrates growth of the gold layer thickness with the gold metalliza-
tion period. There is no obvious partition of the NiP and gold layer shown in the
inserted SEM image in Figure 4. A positive interrelationship was observed between
thin gold metallization layer and the gold thickness showing the growth rate in
average at 0.48 pm/h. The growth rate decreased marginally from 60 to 80 min of
the gold metallization period due to the consumption and decline in concentration
of the metal ion and reductant as the deposition continued.
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Figure 4.

Plot of the Au metallization thickness versus the metallization time (hollow symbol: NiP metallization at 4 min
and solid symbols: Au metallization thickness versus Au metallization time) (OM image of Au metallized at
40 min of the metallization time is inserted into bottom-right).
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2.3 Electrical property of silk/gold

The electrical resistances at various gold metallization periods are shown in
Figure 5. The electrical resistance dropped down in the early stage and increased
after reaching a minimum point. Since the NiP layer is not fully covered by gold at
3 min of gold metallization period (solid symbol) (Figure 2(a)), it showed high
electrical resistance close to the gold-free specimen at 0 min of gold metallization
(hollow symbols) (Figure5(a)). An inserted graph in Figure 5(a) shows results of
the gold metallization period between 0 and 5 min.

The electrical resistances obtained from 0 to 5 min (the dash line shown in
Figure 5) of the metallization period, which only showed a minor difference from
the gold-free one, are categorized into the first stage. Full coverage was built as the
gold metallization period reached 5 min, and the electrical resistance was enhanced
consequently. The electrical resistance reached its minimum at the gold metalliza-
tion period of 20 min due to the full coverage, smooth deposition, and adequate
gold thickness (Figure 5(b)). From the beginning of the full coverage to the range
near the lowest electrical resistance can be classified to the second stage (from the
dash line at 5 min to the other one at 40 min). The electrical resistance increased
marginally as the gold metallization period increased beyond the minimum point.
The surface became rougher (indicated by the arrows in Figure 5(c)) with the
lengthened metallization period, and the electrical resistances were worsened due
to more scattering of electrons [28]. The section of deteriorated electrical resistance
and rough deposition can be characterized into the third stage.
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Figure 5.

(a) Electrical resistances of the Au-metallized silk at various metallization times and SEM images of the
Au-metallized silk at (b) 20 min and (c) 80 min of the metallization time (hollow symbols: Au-free; solid
symbols: Au metallized).
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The electrical resistances with the adhesive treatments are also shown in
Figure 5(a). No substantial change was found in all stages because silk fabric was
entirely deposited by the NiP and gold, and the adhesive property between the silk
fabric and the NiP as well as between the NiP and the gold metallization layer both
showed high adhesion.

2.4 Cathodic zinc oxide fabrication

Figure 6 shows SEM images (Figure 6(a-d)) and OM images (Figure 6(e-h))
of the pristine zinc oxide deposited with hydrogen peroxide concentration varied
from 0 to 0.3 wt.%. Tower-like zinc oxide nanowires are observed in all of the SEM
images (Figure 6(a-d)). Zinc oxide coverage on the gold metallization layer was
conducted and calculated by a built-in software in OM. Zinc oxide coverages were
at 63, 62, 41, and 32% for the samples fabricated with free hydrogen peroxide to
0.3 wt.% hydrogen peroxide. Structure of zinc oxide is often influenced by chloride
ion in the electrolyte. The chloride ion acts as a capping agent adsorbing on the

Figure 6.
SEM images of the specimens deposited in (a) free of H,0,, (b) 0.1 wt.%, (c) 0.2 wt.%, and (d) 0.3 wt.%
H,0,, and the OM images in (e) free of H,0,, (f) 0.1 wt.%, (g) 0.2 wt.%, and (h) 0.3 wt.% H,0,.
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(0001) plan of zinc oxide to stabilize zinc oxide surface and results in development
of nanorod-like morphologies. In contrast, when concentration of the chloride ion
is low, tower-like morphologies rather than nanorod morphologies are developed
[29]. Moreover, zinc oxide particle size increased as the hydrogen peroxide concen-
tration increased from 0 to 0.2 wt.% as shown in the SEM images. Similar results
on increase in the zinc oxide particle size as the hydrogen peroxide concentration
increased were stated in a literature [30]. However, in Figure 6(d), the particle size
decreased when the hydrogen peroxide concentration went beyond 0.2 wt.%. Zinc
oxide cathodic deposition reaction equations are as follows [31]:

NO; + H,O +2e” = NO; + 20H"~ (1)
H202+267=20H7 (2)
Zn** +20H =ZnO + H,0 3)

OH™ formed on the electrode from Egs. (1) and (2) is predicted to react with zinc
ion in the solution to form zinc oxide on the electrode. As shown in Eq. (2), forma-
tion rate of the hydroxide ion is increased with high hydrogen peroxide concentra-
tion. Since the diffusivity of zinc ion in aqueous electrolyte is four times slower than
that of hydrogen peroxide, zinc ion diffusion to the electrode surface cannot catch
up with the formation of hydroxide ion as the hydrogen peroxide concentration
increased [32]. As the amount of hydrogen peroxide was increased to 0.3 wt.%, for-
mation rate of the hydroxide ion is too high and accumulates at the substrate surface.

A general scheme of the solute concentration profiles in the solution is shown in
Figure 7. Hydroxide ions are formed on the electrode; hence, the concentration is
progressively lowered toward the bulk electrolyte direction. Zinc ions diffuse from
the bulk electrolyte to the electrode surface to react with hydroxide ions; therefore,
the concentration decreases as it approaches the electrode surface. Depending on the
hydroxide ion formation rate, local hydroxide ion concentration, or pH, on the elec-
trode varies. Zinc oxide is deposited at a pH range of ca. 8-12, and zinc oxide dissolves
away to form ZnO,”~ or HZnO”" as the pH goes beyond 12 [33, 34]. The region appro-
priate for the formation of zinc oxide is defined as region I, and the region results in
dissolution of zinc oxide is classified as region II as shown in Figure 7.

The range near surface of the electrode is in region I when the hydrogen per-
oxide concentration was lower than 0.2 wt.%. Hence, an increase in the hydrogen
peroxide concentration resulted in particle size increase (Figure 6(a and b)) and
the high coverage (Figure 6(e and f)). As the hydrogen peroxide concentration was
increased to 0.3 wt.%, both the zinc oxide particle size (Figure 6(d)) and the cover-
age (Figure 6(h)) were declined, which indicates the pH near electrode surface
could be higher than 12. The results suggest the region near the electrode surface is
in region II as the hydrogen peroxide concentration is higher than 0.3 wt.%.

Figure 8(a) shows X-ray diffraction patterns of the zinc oxide deposited with
various hydrogen peroxide concentrations in the electrolyte. Only the diffraction
peaks of gold (star symbol) and zinc oxide (hexagon symbol) were observed.

No other phase was found in the X-ray diffraction patterns after the zinc oxide
deposition. A comparative crystallinity of zinc oxide on the gold metallization was
approximately estimated by calculating ratio of the gold (111) intensity to the zinc
oxide (100) intensity with consideration of the zinc oxide coverage. The ratios were
at 0.10, 0.11, 0.34, and 0.16 from free of hydrogen peroxide to 0.3 wt.% hydrogen
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Figure7.
General scheme of the solute concentration profiles: (a) low OH' concentration and (b) high
OH' concentration.

peroxide. The ratios suggested the solution containing 0.2 wt.% hydrogen peroxide
deposited zinc oxide with the highest crystallinity, and the crystallinity became
inferior when 0.3 wt.% hydrogen peroxide was used. Another explanation regarding
to crystallinity of the zinc oxide is elaborated here. Crystallinity of the zinc oxide
is known to be dependent on concentration of the zinc ion [35], which defects and
worsened crystallinity are introduced to the zinc oxide when the zinc ion concen-
tration is lowered. In this study, as the hydrogen peroxide concentration reached
0.3 wt.%, local concentration of hydroxide ion near the substrate surface is high, and
high diffusion rate of hydroxide ion to the bulk electrolyte was constructed. Then,
pH far away from the electrode surface became appropriate for deposition of zinc
oxide and consumed high amount of the zinc ion. In this case, amount of the zinc ion
diffused to the electrode surface was lowered and brought the low crystallinity.
Figure 8(b) shows the voltage-time plot in the zinc oxide cathodic deposition.
When there is hydrogen peroxide in the solution, potential drop diminished as
the hydrogen peroxide concentration increased. The potential drop here refers
to the potential difference between the potential at ca. 0 s of the reaction time
and the potential as the reaction steadily stabilized with deposition time. No
obvious difference was detected in the specimens cathodically deposited with
free of hydrogen peroxide and 0.1 wt.% hydrogen peroxide, which are in good
agreement with the zinc oxide coverage in Figure 6(e) and (f) indicating that
0.1 wt.% hydrogen peroxide has only limited effect on the zinc oxide cathodic
deposition. The potential oscillation became obvious with hydrogen peroxide
concentration, which is because more N, gas is produced at high pH [36].
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Figure 8.
(a) X-ray diffraction patterns and (b) voltage-time plot of the specimens fabricated with electrolytes containing
various H,0, concentrations.

3. Silk/NiP/TiO, hybrid structure
3.1 Activation of silk fabric via scCO, palladium (II) acetylacetonate cat.

Figure 9 shows OM images and XRD patterns of the as-received silk and the
scCO,-catalyzed silk. The transparent interwoven bundles shown in Figure 9(a)
indicate the silk fabric, and Figure 9(b) shows a broad peak at around 26 = 20°; this
broad peak reveals an amorphous structure of the silk fabric. The light yellow flakes
around the silk bundles in Figure 9(c) specify the palladium (II) acetylacetonate,
and the diffraction peaks in Figure 9(d) labeled by triangle symbols can be indexed
to palladium (II) acetylacetonate very well [26, 27], which indicated that the pal-
ladium (IT) acetylacetonate organometallic compounds were successfully deposited
on the silk substrate. As demonstrated in the Figure 9(a) and (c), the silk fabric
remained undamaged after the 2 h scCO, cat. treatment due to the low surface
tension, low viscosity, and noncorrosive properties to most of polymers of scCO,
[37-39]. The scCO, cat. practiced a significant advancement when it is compared to
the CONV cat. process [37].

3.2 NiP/TiO, codeposition

Surface conditions of the NiP/TiO,-decorated silk fabrics prepared from the NiP
electrolytes containing various TiO, concentrations (0, 10, 20, 30, 40, and 50 g/L) can
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Figure 9.
(a) OM image and (b) XRD pattern of the as-received silk, and (c) OM image and (d) XRD pattern of the
s¢CO, catalyzed silk (triangle symbols: Pd(acac),).

be observed from SEM and OM images (inserted into top-left of each SEM images)
shown in Figure 10. Figure 10(a) shows morphology of the specimen deposited
without TiO, particles in the NiP electrolyte. It shows smooth surface while compar-
ing to the other ones deposited with TiO, in the electrolyte (Figure 10(b—f)). The
bright nano-sized protrusions shown in Figure 10(b-f) indicate the deposition of

Figure 10.
SEM images and OM images (inserted into top-left) of NiP/TiO, deposition with various TiO, concentvations
at (a) o, (b) 10, (c) 20, (d) 30, (e) 40, and (f) 50 g/L, respectively.
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TiO, which resulted in roughening of the surface. However, the surface roughness
decreased when the TiO, concentration went beyond 30 g/L in NiP electrolyte.

The nanoscale TiO, particles in the electrolyte would aggregate to form large
aggregate particles, and average size and size distribution of the aggregate particle are
related to concentration of the oxide particles in the solution [40-45]. In this study,
when the TiO, concentration is low (10 and 20 g/L), there is only slight aggregation of
the TiO, particles in the NiP electrolyte. Average size of the aggregate particle size is
small, and the distribution is narrow as illustrated in Figure 11(a). Level of the aggre-
gation gradually increases with an increase in concentration of the TiO,, and average
size of the aggregate particle becomes larger with a wider size distribution as shown in
Figure 11(b and c). Compositions of NiP/TiO, depositions are shown in Table 1.

The mechanism of the TiO, inclusion is illustrated in Figure 12. It is suggested that
Ni ions would adsorb on surface of the TiO, aggregate particles suspending in the elec-
trolyte to form Ni**-TiO, complex particles, and the complex particles diffuse to the
substrate; then, reduction of the Ni ions on surface of the complex particle occurred to
engulf the TiO, aggregate particle into the NiP layer [24, 26]. When the TiO, concen-
tration is low with a small aggregate particle size in the electrolyte, the TiO, aggregate
particles are easily included into the NiP as shown in Figures 11(a) and 12(a). Because
of the small aggregate particle size, a relatively smooth surface is obtained as exampled
by the specimen shown in Figure 10(b and c¢). With an increase in the TiO, concentra-
tion, average size of aggregate particles included into the NiP gradually increases and
leads to a roughened surface condition as illustrated in Figure 12(b). Figure 10(d)
demonstrates the result of the rough surface caused by the large aggregate particles in
the moderate aggregate region (Figure 11(b)). The largest TiO, aggregate particle size
was found at approximate 0.7 pm. When size of the TiO, aggregate (or the Ni**-TiO,
complex) particle reaches a critical size, a phenomenon named steric obstruction takes
place to affect inclusion of the particles [46-53]. Steric obstruction is unfavorable for
the inclusion as shown in Figure 12(c). At first, removal of already-adsorbed oxide
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Figure 11.
TiO, particle size distribution with different amount of TiO, in the electrolyte: (a) slight aggregation, (b)
moderate aggregation, and (c) severe aggregation.
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Atom TiO, (g/L)
0 10 20 30 40 50 60
P (at.%) 2211 18.82 19.85 19.89 1917 18.37 20.09
Ti (at.%) 0.00 462 5.95 10.16 6.15 5.32 4.76
Ni (at.%) 77.89 76.56 74.20 69.95 74.68 76.31 7515
Sum 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Table 1.

Composition of as-deposited NiP/TiO, metallization layers on silk textiles.

Ni-P/TiO, deposition
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Figure 12.
Mechanism of TiO, inclusion with (a) TiO, concentration less than critical amount, (b) TiO, concentration at
critical amount, and (c) TiO, concentration more than critical amount.

particles and decrease in the number of new particles adhering to the substrate occur
because of collisions between particles near the substrate [54]. Secondly, inclusion
of the particles is dependent on reduction of Ni ions adsorbed on the aggregate TiO,
particle surface. Surface-to-volume ratio of the aggregate particle is lowered with an
increase in the aggregate TiO, particle size. When the aggregate TiO, particle size is
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larger than the critical size, shortage of Ni ions adsorbed on surface of the particle
makes it less likely to include the aggregate TiO, particle into the NiP before been
removed away from the surface because of the collision [55]. In this study, average size
of the aggregate TiO, particle is suggested to be close to the critical size causing the ste-
ric obstruction when the TiO, concentration is at 30 g/L (Figures 10(d) and 12(b)),
which is defined as the critical concentration resulting either maximum or minimum
characteristics in the composite.

Figure 13 shows elemental mapping results of the NiP/TiO, composite prepared
with the electrolyte containing 30 g/L of TiO,. Figure 13(a) shows the rough
surface condition of the composite layer deposited at the critical concentration. P,
Ni, and Ti elements were homogeneously distributed on the surface indicating well-
mixing of the electrolyte and homogeneous distribution of TiO, in the composite
layer as indicated by results shown in Figure 13(b)-(d). The compositions of NiP/
TiO, are shown in Table 1.

Figure 14 shows XRD patterns of the NiP/TiO,-deposited silk fabrics at various TiO,
concentrations in the electrolyte. A broad peak at around 26 = 45° indicates amorphous
structure of the NiP phase, while a sharp peak at around 26 = 25° suggests anatase phase
of the TiO,. All specimens show TiO, diffraction peak at 26 = 25° except for the one
without the introduction of TiO, (0 g/L) in Figure 14(a). No impurity or third phase
was found in the XRD pattern within the detection limitation. TiO, concentration was
approximately compared by the ratio between intensities of the NiP and the TiO, major
peaks to qualitatively estimate the TiO, concentration in the NiP metallization layer.
The ratio increased as concentration of TiO, in the electrolyte increased until it reached
30 g/L, which implies an increase in concentration of TiO, in the composite layer. Then,
the ratio decreased indicating a decrease in concentration of TiO, in the composite layer
(Figure 14e and f). This observation confirmed 30 g/L of TiO, in the electrolyte being
the critical concentration to give the highest TiO, inclusion in the composite and the
effect of steric obstruction (Figures 11 and 12).

Figure 15 illustrates a positive correlation between the NiP/TiO, composite layer
thickness and the TiO, concentration in the electrolyte before reaching the critical
concentration. A SEM image was inserted in the bottom-right corner of Figure 15
to show cross-section of the silk/NiP/TiO, composite layer deposited with 50 g/L
TiO, in the electrolyte. The average growth rate was at 3.4 pm/h before reaching the

10 pm || (d) Ti

Figure 13.
Elemental mapping of NiP/TiO, composite layer deposited with 30 g/L TiO,.
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Figure 14.

X-ray diffraction patterns of NiP/TiO, deposition with various TiO, concentrations at (a) o, (b) 10, (c) 20,
(d) 30, (e) 40, and (f) 50 g/L, respectively.

critical concentration. On the other hand, the thickness decreased slightly in the 40

and 50 g/L specimens since large TiO, aggregate particles were formed to cause the
steric obstruction (Figures 11 and 12).

3.3 Electrical conductivity and adhesive tests

Electrical resistances of composite layers prepared at various TiO, concentra-
tions in the NiP electrolyte are shown in Figure 16. Since TiO, is a semiconductor,
it owns lower electrical conductivity than NiP. TiO, thus shows negative influence
on the electrical conductivity in the NiP metallization layer. NiP metallization layer
without TiO, inclusion performed the lowest electrical resistance. The electrical
resistance increased monotonously with TiO, concentration in the electrolyte
before reaching the critical concentration of TiO, (30 g/L) in the electrolyte. On the
other hand, when the TiO, concentration in the electrolyte went beyond the critical
concentration, the electrical resistance dropped owing to lower TiO, concentration
in the NiP metallization layer. The inclusion trend of TiO, revealed by the electrical

&
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Figure 15.

Relationship of NiP/TiO, thickness and TiO, concentration in the electrolyte.
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Figure 16.
The influence of included TiO, concentration to the electrical resistance of the silk/NiP/TiO, composite

material.

resistances is in accordance with the surface morphologies from SEM observations,
the intensity ratios from XRD patterns, and the layer thickness results.

Adhesive test evaluations are also shown in Figure 16. Square symbol represents
the as-deposited specimen, circle symbol depicts the first adhesive test, and the
triangle one indicates the second adhesive test. Here, first adhesive test indicates one

0 g/L TiO,, T=RT

41
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Figure 17.
Polarization curves of pure NiP coating and NiP/TiO, (3 g/L TiO, in the electrolyte) deposition on silk textile
at (a) room temperature and (b) 37°C (body temperature).
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Ecor (V) Leor: (A/em®)
(a) Room temperature
Sillk/NiP -0.53 6.00 x 1077
Silk/NiP/TiO, (3 g/L) -0.37 156 x 1077
(b) 37°C (body temperature)
Silk/NiP -0.67 379x107°
Silk/NiP/TiO, (3 g/L) -0.59 1.02x 107

Table 2.
Corrosion potentials and corrosion current densities of the silk/NiP and silk/NiP/TiO, composites in 3.5 wt.%
NaCl at (a) room temperature and (b) 37°C (body temperature).

cycle of the adhesive treatment is performed. Accordingly, second adhesive test means
two cycles of the test are conducted. The results show that the electrical resistances
persisted after the second adhesive test. Moreover, no significant difference was found
between the first and second adhesive tests, and thus no further adhesive tests were
conducted. These results demonstrate the high reliability and the robustness of the
silk/NiP/TiO, composite materials and indicate that it is practicable for WDs.

3.4 Corrosion resistance

Figure 17 shows the corrosion behaviors of the as-deposited silk/NiP composite
and the silk/NiP/TiO, composite materials in 3.5 wt.% NaCl solution at both room
temperature (Figure 17(a)) and 37°C (body temperature) (Figure 17(b)). The silk/
NiP/TiO, composite fabricated with 30 g/L of TiO, in the electrolyte was chosen for
the corrosion resistance evaluations. The corrosion potential (E,) and the corro-
sion current density (je,;) are summarized in Table 2. These results show that the
NiP/TiO, composites have excellent corrosion resistance when compared with the
pure NiP coating at both room temperature and 37°C. According to the results, TiO,
particles play an important role for the improvement of the corrosion resistance. TiO,
particles act as inert physical barriers to the initiation and development of defect
corrosion and modify microstructure of the NiP metallization layer to improve the
corrosion resistance. On the other hand, the E,, of silk/NiP/TiO, is more positive
than the silk/NiP indicating that the silk/NiP/TiO, composite is more inert than the
silk/NiP due to the inclusion of inert TiO, particles. This result demonstrates that the
composite material can persist in salty human sweat at both room temperature and
body temperature, which is promising for applications toward WDs.

4, Conclusions

Zinc oxide/gold-layered structure was successfully integrated on the silk fabric by
scCO,-promoted EP and cathodic deposition. Conventional problems encountered in
the CONV EP were solved by the scCO,-promoted technique. By the introduction of
scCO,, silk fabric was catalyzed without damages and the adhesion between silk fab-
ric and the metallization layer was improved in the meanwhile. Surface coverage and
thickness of gold metallization layer increased with the gold metallization period.
The lowest electrical resistance was realized as the gold metallization period length-
ened to 20 min. On the other hand, zinc oxide was fabricated on the gold-metallized
silk fabric via the cathodic deposition technique. The depositions on the silk fabric
have been detected to be metallic gold phase and zinc oxide wurtzite phase. Zinc
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oxide deposited with 0.2 wt.% hydrogen peroxide performs the highest crystallinity
showing the best photocurrent density. The zinc oxide-decorated specimen with
0.2 wt.% hydrogen peroxide performed 11.5 times improvement in the photocurrent
density while compares to that of hydrogen peroxide-free one.

NiP/TiO, composite layer was successfully codeposited on silk fabric by scCO,-
assisted EP. Common difficulties encountered in the CONV EP were solved by
the introduction of scCO,, and the palladium (II) acetylacetonate organometallic
compounds were embedded into the silk substrate. The composite layer on the silk
was confirmed to be amorphous NiP phase and TiO, anatase phase. The composite
showed the highest electrical resistance when the concentration of TiO, in the
electrolyte was 30 g/L (critical concentration) since the highest TiO, concentration
was included into the Ni-metallization layer. The largest TiO, aggregate particle
size was found approximate 0.7 pm at the critical concentration. Highly adhesive
property of this silk/NiP/TiO, composite was revealed by the adhesive tests and the
electrical resistance. The NiP/TiO, showed higher corrosion resistance than that
of NiP-metallized silk without TiO, particles at both room temperature and body
temperature.
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Chapter 8

Multi-Physics Simulation Platform
and Multi-Layer Metal Technology
for CMOS-MEMS Accelerometer
with Gold Proof Mass

Katsuyuki Machida, Toshifumi Konishi, Daisuke Yamane,
Hiroshi Toshiyoshi and Hivoyuki Ito

Abstract

This chapter describes technical features and solutions to realize a highly sensi-
tive CMOS-MEMS accelerometer with gold proof mass. The multi-physics simula-
tion platform for designing the CMOS-MEMS device has been developed to
understand simultaneously both mechanical and electrical behaviors of MEMS
stacked on LSI. MEMS accelerometer fabrication process is established by the multi-
layer metal technology, which consists of the gold electroplating and the photo-
sensitive polyimide film. The proposed MEMS accelerometers are fabricated and
evaluated to verify the effectiveness of the proposed techniques regarding sub-1G
MEMS and arrayed MEMS devices. The experimental results show that the
Brownian noise of the sub-1G MEMS accelerometer can achieve 780 nG/(Hz)*? and
the arrayed MEMS accelerometer has a wide detection, ranging from 1.0 to 20 G.
Moreover, using the developed simulation platform, we demonstrate the proposed
capacitive CMOS-MEMS accelerometer implemented by the multi-layer metal
technology. In conclusion, it is confirmed that the multi-physics simulation plat-
form and the multi-layer metal technology for the CMOS-MEMS device have a
potential to realize a nano-gravity sensing technology.

Keywords: MEMS accelerometer, CMOS-MEMS, multi-physics simulation,
gold proof mass, multi-layer metal technology

1. Introduction

Microelectromechanical systems (MEMS) capacitive accelerometers have been
widely used in application fields such as mobile devices, air bag ignition for vehi-
cles, and vital sign monitoring systems [1-10]. Also, in the progress of the attractive
Internet of the Thing (IoT) technology, MEMS accelerometers have played an
important role in key devices. Recently, for several applications such as activities
monitoring or the integrated inertial measurement unit (IMU), the accurate sensing
devices below 1 G (G = 9.8 m/s”) have been researched and developed regarding
various types of MEMS capacitive accelerometer, while conventional MEMS accel-
erometers have an ability of sensing about 1 G or over several G’s. The performance
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of the MEMS capacitive accelerometer can be determined by Brownian noise (By)
that is inversely proportional to the mass of the proof mass. Figure 1 shows the
transition of By of the reported MEMS accelerometers. In order to establish a micro-
gravity sensing technology based on silicon bulk or surface micromachining tech-
nologies, various types of MEMS capacitive accelerometer and complementary
metal-oxide semiconductor (CMOS)-MEMS accelerometer have been reported
[11-22]. We have developed the MEMS accelerometer and also added the data of
our miniaturized sub-1G MEMS capacitive accelerometer [23] to this figure. The
proof mass area of our device is nearly one-tenth of a silicon proof mass area size. As
a result, in terms of the technological trend, it is suggested that this research and
development would be continuing toward a nano-gravity sensing.

On the other hand, the above applications require the devices, which have a
wide detectable range of acceleration, small size, and low power consumption. In
fact, there are many difficulties in making the devices because the large size of the
proof mass makes the device size larger, and also the accelerometer chip is usually
combined with the LSI chips on the assembly board. In order to overcome these
technical barriers, we have proposed a CMOS-MEMS accelerometer that imple-
ments a MEMS on CMOS-LSI [24, 25]. Figure 2 shows prospects and challenges of
the CMOS-MEMS technology from the view point of CMOS-LSI. It indicates that
this technology has a solution of the difficulties in developing high functional
devices. Especially, digital micro mirror device (DMD) is well-known as a success-
ful example of MEMS business. The technology has the features of high functional-
ity, high accuracy, and mass production. Thus, we have developed the multi-layer
metal technology that consists of gold electroplating and sacrificial layer formation
using thick polyimide film. Its features include the suitability to realize the various
MEMS structures and the post-CMOS processes, which does not degrade CMOS
device because the process temperature is below 310°C. Using the multi-layer metal
technology, MEMS devices on CMOS LSI have been fabricated [26, 27].

Moreover, to facilitate the design of the CMOS-MEMS devices, we have
researched and proposed a multi-physics simulation technique to develop such
CMOS-MEMS devices using an electrical circuit simulator with a Verilog-A com-
patible hardware description language (HDL) for equivalent circuit description
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Figure 1.
The transition of the By of the reported MEMS accelerometers.
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Business trend and correlation between the number of MEMS devices and transistors.

[28, 29]. Thus, we have developed a capacitive CMOS-MEMS sensor designed by
our multi-physics simulation. The developed sensor shows that the capacitive
MEMS device is implemented on the sensor LSI [30].

In this chapter, first, the multi-physics simulation platform for the CMOS-
MEMS technology is presented. Next, we describe the newly developed sensor
structure and the multi-layer metal technology, which can be compatible with post-
CMOS process. Third, the sub-1G MEMS accelerometer is described. Fourth, the
arrayed MEMS accelerometer for wide range detection is demonstrated. Fifth, we
then show the proposed sensor circuit using our multi-physics simulation environ-
ment. Finally, we demonstrate the evaluation results of the fabricated CMOS-
MEMS accelerometer by the multi-layer metal technology.

2. The multi-physics simulation
2.1 Analytical model for MEMS accelerometer

Figure 3 shows a diagram of an analytical model for the MEMS accelerometer.
The electrostatic capacitive MEMS accelerometer basically consists of the upper
electrode of a proof mass and the bottom plate of the fixed electrode. The upper
plate is supported by the spring connected to the mechanical anchor. When the
proof mass detects an input acceleration in the vertical direction, the electrical
capacitance between the upper and the bottom plates is modulated. The fixed
electrode is applied by the input voltage V to measure the capacitance change. The
analytical model includes the capacitances of C;, C,, and C,;, as shown in Figure 3.
The capacitance of C,ota can be obtained as the following equations:

5',_,5,51

C = - 1)
c,=-b851 2)
gini—x
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where g is the permittivity of vacuum, &, is the relative permittivity of the SiO,,
€, is the relative permittivity of the air, S, is the areas of the SiO, coverage, S, is the
total areas of the movable electrode, t; is the thickness of the SiO,, gini is the initial
air gap, and x is the displacement of the proof mass.

The input force due to the acceleration Facc, the mechanical viscoelastic force
Fm, the electrostatic attractive force Fe, and the relationship of their contributions
is expressed in the following equations:

F,.=98mG , (5)
F, =kx+c8 (6)
Fel¥p Vlea®o8) &8 L g
2 dx 2 | (gini —x+1i) [: g;‘ni-x]_
&+
& &,
Err.‘r.'+Fr.'+Fv =ﬂ (8)

where m is the proof mass, Gin is the input acceleration value measured in
gravitational acceleration, k is the spring constant, and c is the damping coefficient
including the viscosity of the air.

2.2 Equivalent circuit model for MEMS accelerometer

Figure 4 shows the equivalent circuit for the MEMS accelerometer implemented
in Cadence Virtuoso [31], which is widely used for LSI design.

According to the Egs. (1)-(8), we have proposed equivalent circuit of five
modules:

Module (I) represents the acceleration to provide an eternal force system.
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Figure 3.
Analytical model for electrostatic MEMS accelerometer.

Module (II) is the parallel-plate electrostatic actuator to calculate the
electrostatic attractive force and inductive charge as a function of the applied
voltages.

Module (III) is the viscoelastic suspension module.

Module (IV) is the core of the equivalent circuit, where the equation of motion
(EOM) is carried out under conditions of force applied to the mass m.

Module (V) represents the mechanical anchor.

These modules are described in a Verilog-A compatible HDL. We also have
established modules (I) and (II) by extending our previous work reported else-
where [29]; likewise, modules (III), (IV), and (V) are interpreted using Egs. (6)
and (8). Meandering suspensions are used in this chapter to lower the elastic
rigidity in the direction normal to the chip surface.
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Figure 4.
Schematic image of the proposed equivalent circuits for a single MEMS accelerometer.
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Simulation results of a single MEMS accelerometer.

For verification, we performed simulation. Thus, we applied the simulation to a
single MEMS accelerometer to detect a 20 G using the above equivalent circuit.
Figure 5 shows the simulation results of a capacitance change of the MEMS accel-
erometer under the condition of 20 G at the period of 10 ms. The result suggests
that the accelerometer can detect the capacitance change without stiction. From
these results, it can be concluded that the equivalent circuit would quantitatively
represent the device in this chapter.

3. MEMS accelerometer
3.1 Accelerometer structure

Figure 6 shows the concept of the proposed MEMS accelerometer structure,
which is composed of the movable proof mass, the fixed bottom electrode, stopper,

\*’er’liical Pm:;f Mechanical
motion stopper

Fixed electrode

Figure 6.
The conceptual image of the proposed MEMS sensor structurve.
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and suspension. The accelerometer structure has the following three features; (i) in
order to facilitate flexibilities of design, we have utilized the multi-layer metal
technology [12, 32-34]. The multi-layer metal technology can adjust the weight of
the proof mass and the spring constant of mechanical suspensions, (ii) the stopper
structure is built to prevent mechanical destruction from lateral and vertical over-
swings of the proof mass, and (iii) the SiO, film is formed to prevent sticking and
electrical short between the proof mass and the fixed electrode.

3.2 Proof mass material

The proof mass size should be substantially reduced while keeping adequate
weight on it, we can then downscale the sensor area without compromising the
sensitivity. The minimum detection sensitivity of the accelerometer is limited by
Brownian noise (By) as described in the following equation [19]:

Jak,Th o)

m

N

where T, b, kg, and m are the absolute temperature, the viscous damping coeffi-
cient, the Boltzmann constant (1.38 x 10~>? J/K), the absolute temperature, and the
proof mass of an accelerometer, respectively. We have searched the suitable mate-
rials for the proof mass to further minimize By. Figure 7 shows the comparison of
the Brownian noise on the proof masses made of different types of materials. Our
target value of the By can be below 100 pG/ (Hz)Y? to provide a sufficiently low
Brownian noise [24, 25] for a practical use. Thus, gold could be a candidate material
for small proof mass size. In addition, gold material should also be suitable for the
fabrication process of the CMOS-MEMS accelerometer that gold electroplating has
successfully stacked MEMS on an LSI circuit [26, 35, 36].

Density (g/cm?3) at near room temperature
Silicon : 2.33, Aluminum : 2.70,
Copper : 8.96, Gold : 19.30

1000

200

100 = = = = ===

Op 50 100 150 200
Side length of a square proof mass [um]

Brownian noise [ug/(Hz)'?]

Figure 7.
The comparison of the Brownian noise on the proof masses.
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3.3 Fabrication process

Figure 8 shows the fabrication process flow for the designed MEMS accelerom-
eter. Firstly, Ti/Au adhesion and seed layers were deposited by the vacuum evapo-
ration on a thermal SiO, (Figure 8a). After forming the electrodes and
interconnections using the patterning process, photo-sensitive polyimide film was
then spin-coated and annealed at 310°C as a first sacrificial layer. The gold
electroplating formed the bottom gold layer (Figure 8b); this metallization was
applied in every metal layer process as described in the following. After depositing
next sacrificial layer of photo-sensitive polyimide film supporting gold of the thick-
ness of 3 ym (Figure 8c), contact holes for interconnections were made, and then a
0.5 pm thick SiO, was deposited by sputtering (Figure 8d). Finally, the proof mass
and stopper structures 15 pm in thickness were formed on the uppermost gold
(Figure 8e) followed by removing all sacrificial films by oxygen plasma etching
(Figure 8f). Thus, this fabrication process is compatible with CMOS-LSI due to the
control of the process temperature below 400°C.

Ti/Au
Gold Electroplatin Sacrificial layer
(b)
Gold Electroplating

Fixed electmde{Aug ; Spring (Au)

(c)
Contact electrode

SiO,
(d) | i~ — =

Gold Electroplating

Proof mass (Au)

i Stopper (Au)
i |
(e) s — s

Sacrificial layer release

® o

Figure 8.

The micro-fabrication flow for the designed MEMS accelerometer. (a) adhesion and seed layers formation.
(b) first metal and sacrificial film formation. (c) second metal formation. (d) contact metal and SiO,
formation. (e) Proof mass and stopper formation. (f) Final process.
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3.4 Experimental results of MEMS accelerometer

Figure 9 shows the SEM micrograph of the MEMS accelerometer, which has
been successfully developed through the proposed fabrication process. We show the
evaluation results of the measured characteristics of the developed MEMS acceler-
ometer. Figure 10 shows the capacitance vs. voltage characteristics were measured
and plotted by applying a direct-current voltage between the movable proof mass
and the fixed electrodes without applying acceleration. The initial capacitance C, at
a voltage of 0 V, the electrostatic pull-in at a voltage of 6.4 V, and the release
operation without stiction failure were observed from the hysteresis curve in
Figure 10. The actual initial gap and spring constant have been estimated to be
4.3 pm and 0.26 N/m, respectively, in good agreement with the designed values.
Figure 11 shows the capacitance vs. frequency characteristics under the condition
of a bias voltage of 2 V with 100 mV-amplitude oscillation. The measured

Vertical Motion Sensor
(Single-axis accelerometer)

et

// /

Stopper
Proof mass

/

Suspension

Figure 9.
The SEM micrograph of the MEMS accelerometer.
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Figure 10.
The capacitance vs. voltage characteristics.
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The capacitance vs. frequency characteristics.

mechanical resonant frequency showed approximately 1037 Hz. The result
suggested that it was higher than the designed value of 687 Hz due to the difference
between the actual and the designed spring constants.

Figure 12 shows the capacitance vs. the applied acceleration characteristics. We
measured the capacitance value at a bias voltage of 2 V with a frequency of 50 Hz.
The measured results and the calculated data were square dots and the solid line,
respectively. The calculated data used the actual proof mass of 6.12 x 10~ kg. The
designed proof mass was 1.07 x 10~ ® kg. The result indicated that the experimental
data was coincident with the calculated data.

Table 1 shows the comparison of the design and the obtained parameter values.
The measured spring constant of 0.26 N/m is higher than the designed value of
0.2 N/m. The Brownian noise was measured to be 90.6 pG/(Hz)"* for a proof mass
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Figure 12.
The capacitance vs. the applied acceleration characteristics.
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Parameter Design Value Measured Unit
Initial Gap 5.0 4.3 Hm
Pulkin Yoltage 6.0 6.4 v
Spring Constant 0.2 0.26 Nim
:';‘;':::':::’ Resonant 687 1037 Hz

Q factor 25 21 -
Brownian Noise 51.6 90.6 pG f(Hz)"3
Detective Range +1.7 +-5.6 m/s

Table 1.
The obtained parameter values.

with a size of 140 x 140 pm”. Thus, this result attained the target value of less than
100 pG/(Hz)"2. Therefore, these evaluation results have verified the feasibility of
our proposed structure and the multi-layer metal technology utilizing gold as a
material for MEMS accelerometers.

4. Sub-1G MEMS accelerometer
4.1 Design of sub-1G MEMS accelerometer

This section shows a design approach of sub-1G detectable MEMS capacitive
accelerometers for the miniaturization of CMOS-MEMS inertial sensors [23]. The
minimum detectable acceleration can be determined by the Brownian noise By.
Utilizing the high-density gold proof mass, the proof mass area of our device is
nearly one-tenth of a silicon proof mass area size. The MEMS capacitive accelerom-
eter for sub-1G sensing have been designed as follows: (i) a low By design below
10 pG/ (Hz)Y?, (ii) the mechanical resonant frequency of the accelerometer higher
than the frequency of common environmental vibrations, which was mostly below
100 Hz [37, 38], and (iii) the multi-layer metal technology has been employed.
Moreover, the feature size of the mechanical spring was designed to avoid physical
contact between the proof mass and the fixed electrode. An SiO, film was used on
the fixed electrode to avoid stiction as shown Figure 6.

We proposed a sub-1G detectable MEMS capacitive accelerometer with a proof
mass made of gold. The proposed MEMS accelerometer has been developed by the
multi-layer metal technology reported elsewhere [26, 27]. Figure 13 shows the
scanning electron microscope (SEM) micrographs of the fabricated accelerometer.
The micrographs indicate the mechanical springs, the square proof mass with num-
bers of release holes, and mechanical stoppers. Thus, multi-layer gold has been
successfully formed; the multi-layer metal structures have realized the decreased
thickness of the mechanical springs to lower the vertical spring constant for the sub-
1G sensing, while increasing the proof mass for a heavy mass. The proof mass was
designed to be 1020 pm x 1020 pm in area and 12 pm in thickness. From the
designed result, we obtained the small value of By = 120 nG/ (Hz)Y2. The value
was considered to be sensitive to a sub-1G acceleration at the resolution of 1 mG.
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Figure 13.
SEM micrographs of a MEMS accelerometer with the squared proof mass. (a) Chip view and (b) close-up
image.

The resolution was presumed by considering the root-mean-square (rms) of the
acceleration noise (a,,,,;). Assuming the single-pole roll-off characteristics, the
equivalent noise bandwidth (4f) is given by [39]:

Af = 157 Xf—3dB’ (10)

where f_ 3,5 is the cutoff frequency, at which the output of the circuit falls —3 dB
off the nominal passband level. The 4, ., is defined as [40]
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s = By % /A 11)

For the Gaussian noise with a given rms value, the minimum detectable acceler-
ation 4,,,, can be statistically predicted by using 4,,,;, = 6.6 X 4, ;s [41]. The By
value should satisfy the requirement of a,,;, < 1 mG is By < 12 pG/ (Hz)Y? for a
typical f_3,5 of 100 Hz. Thus, we determined the target By to be lower than 10 pG/
(Hz)Y? and designed a heavy proof mass with By = 120 nG/ (Hz)Y? to allow for
safety margin. Figure 14 shows the capacitance vs. input acceleration (gravity)
characteristics. The MEMS chip was set on a vibration exciter to apply vertical
accelerations of 19.9 Hz with the DC bias voltage of 1.5 V. The result suggests the
accelerometer’s capability of sensing a sub-1G input acceleration with a 0.1-G step.
Figure 15 shows the capacitance vs. frequency characteristics. The measurement
result indicates that the mechanical resonant frequency was measured to be 777 Hz
and the resonant vibration of the proof mass was higher than the frequency of
common environmental vibrations (<100 Hz). The quality factor (Q) of the device
was 6.40 from the C-F characteristics by calculating the ratio between the real (Zg)
and imaginary (Z;) parts of the electrical impedance at the resonant frequency; the
Zg and Z; are 1.97 x 107 and — 1.26 x 108, respectively.

To estimate the actual value of By on the developed MEMS accelerometer, we
use the following analytical models. The Q of a proof mass is expressed as [40]

M Wyes
Q= b (12)
where w,; is the resonant angular frequency. Using Egs. (9) and (12), By can be
given by
- l4kBTa)res
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Figure 14.

Capacitance as a function of acceleration.
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Measured capacitance and phase characteristics as a function of the frequency of sensing signal.

We can obtain the By value by the Eq. (13) and the experimentally obtained
data, when it is difficult to explain the actual value of b due to the squeezed-film
damping effect [41]. Measuring the area and height of the proof mass, and the m
was obtained to be 2.17 x 10~/ kg. Thus, the actual By can be estimated to be 780
nG/(Hz)Y? at 300 K, which was below the target value of 10 pG/(Hz)llz.

Therefore, it is confirmed that the Brownian noise of the sub-1G MEMS accel-
erometer can achieve 780 nG/(Hz)"? in spite of the small proof mass.

5. Arrayed MEMS accelerometer
5.1 Proposed MEMS accelerometer

Figure 16 shows that an arrayed CMOS MEMS accelerometer stacked on a single
LSI chip [24]. In order to solve the issues on the conventional MEMS accelerometers,
the proposed accelerometer has the following requirements: (i) the accelerometer
should be in an arrayed type to detect a wide range of acceleration, (ii) the structure
material for the accelerometer should be chosen to reduce the sensor size and the
mechanical noise floor, and (iii) the accelerometer should be stacked on the single
CMOS LSI. Proof masses of three different designs (areas 80 x 80, 140 x 140, and

Accelerometer unit — : - =
1 g 1
MEMS{ = oS —
cmns{ —I'IL""I_,1 - Uf%‘r*“‘l. 'I"r, G
LSI z s 2
Figure 16.

An integrated CMOS-MEMS accelerometer.
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200 x 200 pm®) are combined with three types of different spring constants (0.2, 0.3,
and 0.4 N/m) to detect the wide range of acceleration from 1 to 20 G. The total layout
area is less than 4 x 4 mm”, which is small enough for monolithically integration with
CMOS circuits. Figure 17 shows the calculated electrostatic capacitance as a function
of the input acceleration by using the multi-physics simulation; a bias voltage of 1V
was applied to the sensing electrode for electrostatic capacitive readout. The accelera-
tion was swept from 0 to +20 G in 10 s for each branch. The simulation results
showed that the capacitance was changed by the input acceleration within the limited
mechanical displacement range between the bottom electrode and the mechanical
stopper. In the positive acceleration, the capacitance gradually increases by squeezing
the air gap between the proof mass and the fixed electrode. Owing to the bias voltage
of 1V, the proof mass was brought into pull-in contact. In the opposite acceleration,
the air gap is enlarged to decrease the capacitance. Figure 17 also suggests that a wide
range of acceleration between 1 and 20 G is covered by the arrayed accelerometers; for
instance, any one of accelerometer #2, 3, 5, 6, 8, or 9 can detect an acceleration of 3 G
or greater. For a range lower than 2 G, accelerometer #3 can be used.

5.2 Results and discussion of arrayed MEMS accelerometer

Figure 18 shows a scanning electron microscopy (SEM) image of the developed
MEMS accelerometers in 3 x 3 formation. Figure 19 shows the measured acceleration
characteristics (dots) as a function of the capacitance change compared to the simu-
lation results. The measurement was carried out under the condition of the accelera-
tion frequency of 50 Hz and the bias voltage of 100 mV. The simulation results
include the effect of the parasitic capacitance C,, of the measurement system. The
measured data of devices #1, 2, 4, 5, 7, and 8 exhibited good agreement with the
simulation results. On the other hand, the data of devices #3, 6, and 9 showed the
capacitance change smaller than the simulation. This is because these latter three
devices used a proof mass of 200 x 200 pm? size so that the mismatch might be
caused by a size effect such as warpage.
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Figure 17.

The calculated electrostatic capacitance as a function of the input acceleration by using the multi-physics
simulation.
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Figure 18.
A scanning electron microscopy (SEM) image of the developed MEMS accelerometers.
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The experimentally obtained acceleration characteristics.

Therefore, it is confirmed that the proposed arrayed MEMS accelerometer could
detect a wide range of acceleration from 1 to 20 G.

6. CMOS-MEMS accelerometer
6.1 Capacitive CMOS sensor

In order to verify the validity of our CMOS-MEMS technology, we have devel-
oped a capacitive CMOS-MEMS accelerometer designed by our multi-physics
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simulation. The developed accelerometer is composed of the capacitive sensor LSI
circuit and the MEMS accelerometer. We propose the sensor circuit to detect the
capacitance change of the MEMS device by comparing with the reference capacitor
built-in LSI. The MEMS accelerometer and the proposed sensor circuit are simulta-
neously designed by the multi-physics simulation with a newly developed equiva-
lent circuit of the capacitive MEMS sensor for CMOS-MEMS technology.

6.2 Sensor circuit

Figure 20 shows the comparison of our capacitive MEMS sensor circuit and the
conventional MEMS sensor circuit. In conventional MEMS sensor circuits [42-44],
capacitance change of the movable electrodes is differentially detected in response
to the changes of another electrode pair within the identical MEMS chip such as the
comb-drive devices. On the other hand, in our capacitive MEMS sensor circuit, it is
needed to adopt other detection architecture different from the conventional sensor
circuit as described above. It is because the electrode is only placed at the bottom
side of the proof mass and also differential capacitance values are not produced.

In order to solve the above requirements, we propose the sensor circuit to detect a
capacitance signal from a MEMS sensing element and compare it with a reference
capacitor integrated within the sensor LSI. Figure 20 shows the concept of our
proposed sensor circuit. This circuit does not need other electrodes or structures for
the differential capacitance. Thus, it is applicable to our capacitive CMOS-MEMS
accelerometer. The circuit also has other features: (i) a reference capacitor in a MEMS
chip is not needed, and hence the total device footprint is reduced, (ii) it is applicable
and scalable to various types of capacitive MEMS devices including accelerometer in
an arrayed format [24, 25], and (iii) calibration is simply proceeded as we can know
the reference capacitor values at the stage of circuit design.

6.3 Capacitive CMOS-MEMS accelerometer design

To realize a capacitive CMOS-MEMS accelerometer, we utilized the multi-
physics simulation platform based on our previous work [29]. Figure 21 shows the
proposed sensor circuit with an equivalent circuit of the capacitive MEMS acceler-
ometer. The equivalent circuit consists of five modules. These modules are
described by a Verilog-a compatible HDL, and designed to handle the multi-physics
simulations in a single LSI design environment such as Cadence Virtuoso [31].
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Figure 20.
The comparison of the capacitive CMOS-MEMS sensor and the conventional MEMS sensor.
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Equivalent Circuits of a MEMS Accelerometer
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Figure 21.

The schematic of the proposed sensor circuit with an equivalent circuit of the capacitive MEMS sensor as a
MEMS accelerometer.

The behaviors of both LSI and MEMS should be simultaneously simulated to
design the capacitive CMOS-MEMS accelerometer stacked on the sensor circuit.
Capacitance values C,,, and C,, of the capacitor are set to be 8 pF with the parasitic
capacitance of 7 pF in the LSI and the measurement system. In these parameters, we
performed a transient analysis for the acceleration of sinusoidal wave of 2 Gy, at
49 Hz superposed onto a DC level acceleration of 1 G. Figure 22 shows the simula-
tion results of the output voltage from the proposed sensor circuit under given input
acceleration. This result suggests that the output voltage has changed from 869.3 to
892.1 mV depending upon the input acceleration waveforms.
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Figure 22.
The simulation results of the output voltage from the proposed sensor circuit under given input acceleration.
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As a result, it is confirmed that the proposed sensor circuit could detect the
capacitance change of the MEMS device.

6.4 Experimental results of capacitive CMOS-MEMS accelerometer

Figure 23 shows a scanning electron microscopy (SEM) image and a close-up
optical microscope view of the developed capacitive CMOS-MEMS accelerometer.
It is clear that the MEMS structure interconnected to the LSI has been successfully
fabricated by the micro fabrication process. Figure 24 shows the output voltage as a
function of the input acceleration obtained by both measurement and simulation.
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Figure 23.
A scanning electron microscopy (SEM) image.
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Figure 24.
The output voltage as a function of the input acceleration obtained by both experimental measurement and
numerical simulation.
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The simulation result was coincident with the experimental results for the input
acceleration of 3 G or lower. For the input acceleration of 3 G or larger, notable
deviations were observed in the experimental result possibly due to excess
mechanical motion of the proof mass. The result suggested that fabricated capaci-
tive CMOS-MEMS sensor can detect the capacitance change of a single-axis MEMS
accelerometer.

Therefore, it is confirmed that the validity of the simultaneous design of both
MEMS and sensor circuit using multi-physics simulation environment with an
equivalent circuit of the MEMS accelerometer was verified.

7. Conclusions

This chapter presented technical features and solutions to realize a high sensitive
CMOS-MEMS accelerometer with gold proof mass. The multi-physics simulation
platform for the design of the CMOS-MEMS device was developed to understand
simultaneously both the mechanical and electrical behaviors of MEMS stacked on
LSI. An equivalent circuit for the accelerometer module was built by an electrical
circuit simulator.

MEMS accelerometer fabrication process was formed by the multi-layer metal
technology, which consists of the gold electroplating and the sacrificial layer for-
mation using the photo-sensitive polyimide film. We proposed a sensor structure
for MEMS accelerometers. The measured characteristics of the developed acceler-
ometer were in good agreement with the designed values, and the actual Brownian
noise was estimated to be below the target of 100 uG/(Hz)"2. Moreover, the exper-
imental results showed that the Brownian noise of the sub-1G MEMS accelerometer
could achieve 780 nG/(Hz)"? We also proposed an arrayed accelerometer device
with a wide range of detection between 1 and 20 G. An arrayed accelerometer was
successfully developed in a single chip of 4 x 4 mm? in area by electroplated gold.
The experimental results suggested that a wide detection range of acceleration has
been achieved.

The proposed sensor LSI was fabricated by a 0.35-pm CMOS process and the
MEMS accelerometer was implemented onto the LSI. The measured characteristics
of the capacitive CMOS-MEMS accelerometer showed a good agreement with the
simulation results. Thus, the validity of our multi-physics simulation was verified.

In conclusion, it is confirmed that the multi-physics simulation platform and the
multi-layer metal technology for the CMOS-MEMS device will open the way to the
future of nano-gravity sensing technology.
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