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CHAPTER

General Introduction

1.1. Background of the Present Study
1.1.1. Application of Au Materials in MEMS Devices

In recent years, microelectromechanical systems (MEMS) capacitive
accelerometers have been developed and used in a variety of consumer electronics for the
acceleration detection of 1-5 G (1 G = 9.8 m/s?) [1-3]. Along with the development of
MEMS accelerometers, many technologies have been reported to improve the device
performance and small-size implementation of multi-axis acceleration sensing.
Especially for the application in the medical and health care fields, accurate sensing with
sub-1 G detection is necessary for monitoring the human activities [4,5]. To detect such
low acceleration in a compact sensor module, various types of MEMS accelerometers
based on silicon (S1) bulk micromachining [6,7] have been reported to utilize a large proof
mass to suppress the thermal-mechanical noise (i.e., Brownian noise (Bx) [8]). For further
miniaturization and high functionality of MEMS accelerometers, complementary metal-
oxide semiconductor (CMOS)-MEMS technology has also been applied to accelerometer
developments by taking advantage of the foundry services for mass production, smaller
chip size, high functionalities with CMOS circuitry, and minimal parasitic capacitances
[9-11]. While, limited choices of materials and thickness for CMOS-MEMS

accelerometer have been the major issue to reduce Bn, which would become critical for
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low-acceleration sensing with high precision when the parasitic capacitance is minimized.
Thermal-mechanical noise of the proof mass in an accelerometer can be gauged
by Bn that arises from the random thermal motion of molecules in the surrounding gas,

as described in the following equation [8]:

BN _ 4kgTb (1_1)

- m

where kg is the Boltzmann constant, 7" is the absolute temperature, b is the viscous
damping coefficient, and m is the mass of the movable parts of an accelerometer. Equation
(1.1) indicates that the Bn can be subjected largely to the size and density of proof mass.
The analytical modeling of Bn on the proof masses made of different materials is shown
in Fig. 1.1(c). The results show that using a high density material (i.e., Au = 19.3 g/cm?)
can effectively reduce the Bn when the size of proof mass decreases. Yamane et al. [12—
14] proposed a miniaturized MEMS accelerometer (Fig. 1.1(a,b)) by using a post-CMOS
process with electrodeposited Au micro-components, which enabled further size
reduction of the proof mass and the device footprint without compromising the sensitivity.
With the application of electrodeposited Au in the MEMS accelerometers [12-14], a wide
range of acceleration from 1 mG to 20 G can be achieved and are expected to be used for
monitoring the human-activities with required high sensitivity.

However, the mechanical strength of Au is much lower than the conventional Si
used in MEMS accelerometers. The yield strength of Au is 50-200 MPa in it bulk state
[15]. The fracture strength of Si is 1-3 GPa [16], which is one order larger than Au. The
lower mechanical strength of Au would cause the structural stability when employed as
the micro-movable components. The long-term vibration tests using the electrodeposited
Au cantilevers show that the height of cantilever-tip slightly changed after the vibration

cycle exceed over ~107 [17]. Therefore, strengthening is necessary for ensuring the long-
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term stability of Au-based MEMS accelerometers.

1.1.2. Strengthening Mechanisms in Electrodeposits

Typically, there are four strengthening mechanisms in the metallic materials,
including work (strain) hardening, grain boundary strengthening, precipitation
strengthening, and solid solution strengthening. Expect for the work hardening, the other
strengthening methods are achievable in electrodeposits by adjusting the
electrodeposition conditions. For example, Rashidi et al. [18,19] reported that a fine-
grained structure can be obtained in the electrodeposited Ni by controlling the
electroplating parameters such as current density, bath temperature, and additive amount
in aqueous electrolyte. Classically, one would expect an increase in yield strength or
hardness for smaller grain sizes according to the Hall-Petch equation [20] given by:

o= oy + kdg %7 (1-2)

where ov is the friction stress in the absence of grain boundaries, & is a constant and d is
the grain size. In other words, the yield strength increases with decreasing grain size
because pile-ups in fine-grained materials contain fewer dislocations, the stress at the tip
of the pile-up decreases and, thus, a larger applied stress is required to generate
dislocations in the adjacent grain. In very small grains, this mechanism will break down
because grains are unable to support dislocation pile-ups. Typically, this is expected to
occur at grain sizes below 10 nm for most metals. The relationship between yield strength
and grain size is illustration in Fig. 1.2.

Alloying is also one of commonly using method for increasing the mechanical
strength in electrodeposits. Solid solution strengthening results from an interaction

between dislocation and solute atoms, as shown in Fig. 1.3(a). The solution atoms



influence the elastic energy of a dislocation due to both local size and modulus changes
and act as obstacles to dislocation motion. The alloys could be electrodeposited from a
mixed electrolyte containing different metal salts. Schuh et al. [21] reported that the
hardness of Ni increased from 1 GPa to 8 GPa by forming the Ni-W alloys. Similar
strengthening was also reported in the Ni—Co [22,23], Ni—P [24], and Ni-Mn [25]. In
addition, alloying with the elements having large difference of atomic masses would
exhibit pronounced strengthening as demonstrated in Cu-based alloys (Fig. 1.3(b)) [26].

On the other hand, nanotwinned structure can also increase the mechanical
strength [27]. Lu et al. [27] reported that ultrafine epitaxial-rained Cu with high density
nano-scale twins synthesized by pulse electrodeposition exhibits similar dependence like
Hall—Petch relationship which the tensile yield strength increases with reducing the twin
thickness [28]. It indicates that nanoscale twin boundaries, by blocking dislocation
motion, provide as much strengthening as conventional high-angle grain boundaries (Fig.
1.4). Besides, the elecrodeposited alloys such as Ni-Mn [25] and Ni—Co [29] often exhibit
the twinned structure in randomly oriented crystalline grains due to the reduction of
stacking fault energy, promoting the formation of growth twins in as-deposited
electrodeposits.

The deposited Au are widely used as interconnection in electronic devices
because of its outstanding properties of high chemical stability, corrosion resistance, and
electrical conductivity. However, the mechanical properties were seldom discussed. With
the application of micro-components in the MEMS devices, strengthening in the Au
materials has become an urgent issue for maintaining the structural stability of the MEMS
devices. It is expected that the strengthening mechanisms used for metals can be adopted

in the electrodeposited Au materials.



1.1.3. Electrodeposition of Metallic Materials

Electrodeposition is one of the film growth processes for the formation of
metallic coating onto a base materials occurring through the electrochemical reaction of
metal ions from an electrolyte. The electroplating process consists essentially in the
immersion of the object (cathode) to be coated in a vessel containing the electrolyte and
a counter electrode (anode), followed by the connection of the two electrodes to an
external power supply to make current flow possible. The object to be coated is connected
to the negative terminal of the power supply, in such a way that the metal ions are reduced
to metal atoms, which eventually form the deposit on the surface. Several electroplating
parameters (i.e., composition of electrolyte, current density, bath temperature, pH value,
etc.) can be controlled to obtain the desired properties of the electrodeposits. To date,
electrodeposition has been frequently utilized for practical purposes in a wide variety of
technical fields ranging from metallurgy and heavy engineering industries to
microelectronics and nanotechnology.

Electrodeposition is usually carried in two controlling modes: potentiostatic
method and galvanostatic method (Fig. 1.5(a,b)). For potentiostatic method, in addition
to anode (working electrode) and cathode (counter electrode), reference electrode is
necessary for controlling the reduction potential of metal ions. Using this method can
precisely control the potential difference between cathode and reference electrode; while,
the current density may vary in the electroplating process due to the morphology change
or composition change in electrolyte, leading to the difficulty on the estimation of
electrodeposit thickness and current density efficiency. For galvanostatic method, the
fixed current density is used in the electroplating process and could be generated by a

simple power supply. This method only requires anode and cathode; therefore, it widely



used in the industry especially for electroplating with large objects.

In metal electrodeposition, current density is often used to control the
characteristics in electrodeposits, in particular, the grain size. The theory of metal
deposition is based generally on the Butler—Volmer (BV) equation [30] giving the current

density on a meal substrate as a function of overpotential #:

i = jo{exp (“-n) —exp (20n)} (13)

n=E—Eq (1-4)
where j is the electrode current density, jo is the exchange current density, z is the number
of electrons involved in the electrode reaction, F'is the Faraday constant, R is the universal
gas constant, 7 is the absolute temperature, aa and o, are the anodic and cathodic transfer
coefficient, 7 is the overpotential, E is the electrode potential, Eeq is the equilibrium
potential. The first and second terms in right side of the equation (1-3) are associated with
the reactions occurred at anode surface and cathode surface, respectively. Because the
electrochemical reduction of metal ions is occurred at cathode, the BV equation could be
simplified and considered to be half-cell reaction with cathodic term. On the other hand,
the nucleation rate (v) during the electrodeposition could be expressed by the following

equation [31]:

be?
U=a-exp (— quTInI) (1-5)

where a is a proportionality constant, b is the geometrical factor, ¢ is the surface energy,
q 1s the required charges for formation of a monolayer. Combining the equations of (1-3)
and (1-5), the nucleation rate can be promoted by an increase of current density, leading
to a finer-grained structure in electrodeposits.

Pulse electroplating is a versatile method that was proven to produce



nanocrystalline materials [32,33]. Pulse plating parameters (current on-time, current off-
time, and pulse current density) play a major role on controlling the electrocrystallization
process, and hence the microstructure and properties of the electrodeposits. Because of
the higher instantaneous current density in comparison to direct current plating, pulse
electrodeposition has been found to be an effective means of perturbing the adsorption—
desorption processes occurring at the electrodeposit/electrolyte interface and hence offers
an opportunity to control the microstructure of the electrodeposits [34,35]. The difference
between constant current electroplating and pulse electroplating on the current waveform
is shown in Fig. 1.5(c,d).

On the other hand, application of supercritical carbon dioxide (scCO3) in the
electroplating process has been developed to solve the problems encountered in
miniaturization of the devices [36], such as reducing usage of organic solvents in the
cleaning process, drying of the nano-structures after the electroplating process, and
minimize problems caused by evolution of H». In particular, H> gas bubbles adsorbed on
the surface of cathode is one of the major causes for defects found in the electrodeposits
reduced from the acid electrolyte (Fig. 1.6(a)) [37]. Previous studies showed that
electroplating with the scCOz-contained electrolyte (EP-SCE) has the effects on the grain
refinement due to the periodic-plating-characteristic mechanism [38,39] which is similar
to the pulse electroplating, shown in Fig. 1.7. In addition, Chung and Tsai [39] proposed
the grain refinement and enhancement of mechanical strength in the electrodeposited Ni
using the EP-SCE method. The higher impurity C content in Ni electrodeposits suggest
that the impurity C decomposed from the CO; in the electrolyte would precipitate in the
grain boundary, causing the precipitation strengthening. Another advantage of using EP-

SCE is surface smoothening. The solubility of Hz is high in CO> because of the non-polar



property [40]; therefore, desorption of H> gas bubbles from the surface of cathode could
significantly enhanced in sc-CO» (Fig. 1.6(b)). To date, the EP-SCE has been employed
on the fabrication of several metal films including Ni [38,39], Cu [41], Sn [42], and Co
[43]. However, Au have not been reported yet. It is expected that EP-SCE can be

employed in the fabrication of Au as well as other materials.

1.1.4. Mechanical Properties of Small-Scale Materials

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. For mechanical evaluation on such materials, conventional
indentation or wear test is insufficient for obtaining real information on the micro-
components. Moreover, when the sample size comes to micro-scales, the classical physics
are not always useful because of size effect. In the past decade, micro-mechanical tests
have been developed to investigate the mechanical properties of specimens in the micron-
or nano-scale [44-51]. Since Uchic et al. [44] first introduced the uniaxial compression
testing of micro-pillars, a new wave of studies of small-scale plasticity has been explored
in numerous materials. The majority of research investigating the size effect of metals by
means of the micro-testing technique has focused on single crystalline metals [44—46]
and metallic grasses [52,53]. It was observed that the yield strength scales inversely with
some power to the pillar diameter. Many subsequent investigations followed on single
crystall face-centred-cubic (fcc) and body-centred-cubic (bcc) metals, with power law
scaling exponents being agreed to be 0.6 for fcc [45,46], and 0.2—0.6 for bece metals [48],
respectively. For the poly- or nanocrysalline materials, both the phenomena of “Smaller

i1s stronger” [54,55] and “Smaller is weaker” [56,57] were observed; while, those



experimental findings for sample size effect are still inconclusive.

Components used in MEMS devices are usually in micron- or nano-scale, and
mechanical properties of materials in micro-scale are often different from those of the
bulk materials. Therefore, the mechanical properties of the electroplated micro-
components have great interests in industries owing to miniaturization of MEMS devices
reaching to its component scales at sub-micron or nano regime. In previous studies, our
group has reported several methods to evaluate the micro-mechanical properties of
electrodeposited materials, such as micro-compression [50,58], micro-tensile [59], and
micro-bending [60]. Those micro-specimens are made by focus ion beam (FIB), as shown

in Fig. 1.8.

1.2. Objective of the Present Study

The primary target of this study is to fabricate high strength Au and Au alloys
using electroplating techniques for the application in the MEMS devices. In order to
achieve it, first I utilized three electroplating methods to fabricate the pure Au films and
investigated their micro-mechanical properties using the micro-compression tests. After
that, alloying in the Au by forming the Au—Cu alloys was investigated in order to achieve
higher mechanical strength with the effect of the solid solution strengthening. Finally, the
TEM will be used to observe the microstructure of the electrodeposited Au—Cu alloys,

and the deformation behaviors will also be discussed.

1.3. Outline of This Study
In Chapter 2, three electroplating methods, including conventional electroplating

(CONV-EP), pulse electroplating (PEP), and electroplating with scCO»-contained



electrolyte (EP-SCE), were utilized to fabricate the pure Au films. The micro-mechanical
properties of were evaluated by the micro-compression tests using the micro-pillars
fabricated from the Au electrodeposits. Moreover, the sample size effects of the

electrodeposited Au are also investigated.

In Chapter 3, Au—Cu alloys were fabricated by CONV-EP from a mixed electrolyte
mainly containing Au sulfite and Cu sulfate. Current density, which is one of the most
electroplating parameters, were varied in order to control the electrodeposit properties.
Morphology, crystalline structure, and chemical composition were characterized using
SEM, XRD, and EDS, respectively. The micro-mechanical properties of the

electrodeposited Au—Cu alloys were also investigated.

In Chapter 4, PEP was utilized to fabricated the Au—Cu alloys. The pulse parameters
such as pulse on and off-time were introduced to further control the film properties. In
particular, the change of characteristics in the pulse-off time because of replacement
reaction was described in details. The micro-mechanical properties were also investigated

and compared with those of Au—Cu alloys fabricated by CONV-EP.

In Chapter S, microstructure of the electrodeposited Au—Cu alloys was observed by

transmission electron microscope. In particular, the deformation behaviors related to the

mechanical properties was discussed in detail.

In Chapter 6, the present study is summarized.
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Fig. 1.8. FIB-fabricated micro-specimens for the micro-mechanical tests. (a) Micro-

pillar [50], (b) micro-tensile specimen [59], and (¢) micro-cantilever [60].
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CHAPTER

Fabrication of Ultrafine-Grained Au by Electroplating

Techniques

2.1. Introduction

In past few decades, gold (Au) materials have attracted much attentions and are
widely used in micro-electronic industries because of their outstanding properties such as
high chemical stability, corrosion resistance, electrical conductivity, and density [1,2].
Among the fabrication methods, electroplating (EP) is extensively applied in fabrication
of the Au materials used in micro-electrical-mechanical system (MEMS) devices, i.e.,
capacitive accelerometers [3]. However, the mechanical strength of Au is relatively low
(i.e., yield strength of bulk Au: 50-200 MPa [4]) when compared with other metallic
materials, which has been a concern in practical applications in MEMS especially when
used as the movable components. Strengthening by grain refinement is a typical method
to enhance the mechanical strength of metallic materials based on the Hall-Petch
relationship [5]. As the grain size reaches submicron- or nano-scale, high strength can be
obtained when compared to coarse-grained metals with the same chemical composition
and phase constitution [6,7].

Grain size control is a fascinating feature in the EP by appropriately adjusting
the deposition parameters such as the current density, pH value, plating bath temperature,

etc. [8]. For example, an increase in the current density can lead to a decrease in the grain
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size, and therefore, enhances the mechanical strength. However, the film composition
could be varied because of side-reactions, defects could be formed in the film, and the
current efficiency would be low when the current density is too high. An alternative EP
method employing a constant current density and a supercritical carbon dioxide (scCO2)
contained electrolyte was reported to be effective to give the grain refinement effect as
demonstrated in electroplating of Ni and Cu [9,10]. Moreover, the specific properties of
scCO2 can promote transfer of materials into confined spaces and removal of H> gas
bubbles away from the cathode, which allow application of high current density while
keeping a defect- and pinhole-free plating at the same time [11-13]. In addition, co-
deposition of carbon was reported in electroplating with an electrolyte containing scCO»
(EP-SCE) at high pressure [14,15]. The co-deposited carbon would precipitate at the grain
boundary to suppress the occurrence of the inverse Hall-Petch Relationship [14,16] and
reduce the grain boundary mobility [17], which is very effective in stabilizing the
nanocrystalline structures to maintain the high mechanical strength. With these
advantages, mechanical strength of the electroplated Au films in is expected to be
enhanced by introducing scCO> into the EP process. On the other hand, pulse
electroplating (PEP) has been reported to be effective in fabricating electrodeposits with
finer grains, higher uniformity, and lower porosity [18-20]. An increase in the nuclei
density because of the higher instantaneous current density in pulse on-time could be
achieved to obtain electroplated films with finer grains. Also, it is possible to control the
composition and the film thickness by regulating the pulse amplitude and width.
Mechanical properties of materials having dimensions in micro-scale are
different from those of bulk materials. The phenomenon is known as the sample size effect.

Since the first report of the sample size effect in single crystal specimens [21], many
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subsequent investigations have demonstrated the effect in the mechanical strength of
specimens composed of fcc and bcc metals when dimensions of the specimen are
decreased to micro- or nano-scale [22,23]. For polycrystalline specimens, there are
limited reports on the sample size effect [24—26], especially for specimens composed of
Au and having dimensions in micro-scale. Components in MEMS devices often have
dimensions in micrometer or tens of micrometer order. For practical applications in
fabrication of components used in MEMS devices, it is necessary to evaluate the
mechanical property using specimens having dimensions in micro-scale.

In this chapter, three EP methods including galvanostatic conventional EP
(CONV-EP), EP-SCE and PEP were utilized to fabricate the Au films. Micro-mechanical
properties of the electrodeposited Au films were evaluated by micro-compression tests
using the non-tapered micro-sized pillars with a square cross-section. The Au micro-
pillars were fabricated from the Au electrodeposits by focus ion beam (FIB). Furthermore,
the sample size effects were investigated from the Au films with various dimensions.
Micro-compression tests with a displacement controlled mode would be applied to

evaluate the mechanical property.

2.2. Experimental
2.2.1. Electroplating of Au Films

The Au electrolyte used in this work was a commercially available sulfite-based
electrolyte provided by METEX Corporation, Japan, which contained 50 g/L of Na>SOs3,
50 of g/L (NH4)2S03, 10 g/L of Au, and 5 % sodium gluconate with pH of 8.0. Cu plates
and Pt plates were used as the cathode and anode, respectively. Three electroplating

methods were utilized to fabricate the Au films: CONV-EP, PEP, and EPSCE. For CONV-
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EP, the current density is fixed at 5 mA/cm?. For the PEP, the pulsed current density was
10 mA/cm2, and the off-time current density was 0 mA/cm?. The current on-time (fon)
and the current off-time (zorr) of the PEP were fixed at 10 ms as the optimized parameter.
The average current density is 5 mA/cm?, which is the same as CONV-EP. For the EP-
SCE, 20 vol.% of CO; with respect to the overall volume of the reaction chamber was
used. The pressure was controlled at 10 MPa during the entire EP-SCE process. The EP-
SCE process is illustrated in Fig. 2.1 [9]. The current density utilized in the EP-SCE is
same with the CONV-EP. The plating temperature was maintained at 40 £ 1 °C for all

electroplating processes.

2.2.2. Characterization and Micro-Compression Tests

Crystalline structures of the electrodeposited Au films were characterized using
grazing incidence X-ray diffraction (GIXRD, Rigaku Ultima) at a glancing angle of 3°.
The scan ranged from 26 = 30° to 80° with a step size of 0.02°, and the scan rate was 2
°/min. Micro-size compression pillars were fabricated from the electrodeposited Au films
prepared by three electroplating methods (CONV-EP, PEP, and EP-SCE) with a film
thickness of ~50 um. FIB (FB2100, Hitachi) was utilized to fabricate the non-tapered Au
micro-pillars. Dimensions of the micro-pillars were 10x10x20 pm® for all Au
electrodeposits. To investigate the sample size effects, the micro-pillars with the
dimensions of 15x15x30 and 20x20x40 um? were further fabricated from the CONV-EP
and EP-SCE films. Micro-compression tests were conducted with a testing machine
specially designed for micro-size specimens, which a diamond flat-punch indenter
equipped to a load cell was used as the compression platen [14]. The micro-compression

was controlled at a constant displacement rate of 0.1 um/s using a piezo-electric actuator.
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The illustrations of micro-pillar fabrication process and micro-compression test are
shown in Fig. 2.2. Deformation behaviors of the Au micro-pillars after the micro-
compression tests were observed by a scanning electron microscope (SU4300SE, Hitachi)
and a scanning ion microscope (SIM) equipped in the FIB. The engineering strain-stress
(8S) curves were subsequently converted by the following equations:

o= P/Ao (2-1)

e=L/Lo (2-2)
where o is the engineering stress, P is the load, Ao is area of top surface of the micro-
pillar before compression, & is the engineering strain, L is the displacement, Lo is the
length of micro-pillar. Grain boundary characteristics of the pillar surface normal to the
compression axis were examined by electron backscatter diffraction (EBSD, INCA
Crystal software, Oxford Instruments) installed in a SEM, and carbon content in the Au
films was examined by energy-dispersive X-ray spectroscopy (EDS) equipped in the

same SEM.

2.3. Results and Discussion
2.3.1. Crystalline Structure and Composition of Electrodeposited Au Films

Fig. 2.3 shows the GIXRD patterns of three Au films fabricated by CONV-EP,
PEP, and EP-SCE methods. All films exhibit the characteristic peaks corresponding to the
(111), (200), (220), and (311) planes of metallic face-centered cubic (fcc) Au. The major
diffraction peak is (111) for both Au films, which is because the surface energy of the
(111) crystal growth orientation is the lowest when compared with other crystal
orientations [21]. On the other hand, the diffraction peaks of the PEP and the EP-SCE

films are broader than those of the CONV-EP film. The d; estimated from the GIXRD
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patterns and Scherrer equation are ~22 nm for CONV-EP film, and ~13 nm for PEP and
EP-SCE films. The finer d; in the PEP can be attributed the higher pulse current density
which results in an increase of nucleation rate during the on-time. On the other hand, the
grain refinement effect in the EP-SCE Au film is suggested to be contributed by the same
phenomena observed in electrodeposition of Ni, which are the periodic-plating-
characteristics (PPC) [11] and the co-deposited carbon contents [14]. The EDS result
showed that the carbon content in the EP-SCE film was 39.92 + 2.02 at.%, which was
higher than that in the CONV-EP film (29.63 + 3.11 at.%). The co-deposited carbon would
directly contribute to the grain refinement effect and immobilize movement of the grain
boundaries [19], which is especially important in maintaining the ultra-fine grain structure
since the mechanical strength is closely related to the grain size. The hydrobaric effect,
which is the effect of pressure on crystal structure of the materials electrodeposited in an

aqueous electrolyte, is also expected to have influences on the Au crystal structure [27].

2.3.2. Deformation Behaviors of Au Micro-Pillars

Fig. 2.4 shows SIM 1images of the micro-pillars fabricated from the
electrodeposited Au thick films before and after the micro-compression tests. The CONV-
EP pillar showed camouflage-like patterns on the side-surface, where clear boundaries
along the patterns with different level of brightness would be the grain boundaries. On
the other hand, inconspicuous grain boundaries were observed on the surface of both PEP
and EP-SCE Au pillars, which implied the dy was finer than ca. 1 um [28]. After the
micro-compression test, barrel-shape deformation was observed in the middle part of all
micro-pillars. The deformation following the slips of grain boundaries or formation of

barrel-shape is well recognized to be the typical characteristics of the deformation of poly-
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and nano-crystalline structures [29]. These results confirmed the polycrystalline structure
in the three micro-pillars. In addition to the rough observation of grain size from SIM,
EBSD measurement was conducted to confirm the grain size distribution in the Au films.
Fig. 2.5(a) shows the orientation map of the CONV-EP pillar determined from the EBSD
analysis. The grains randomly distribute with a wide range of various orientations, and
no obviously preferred-growth orientation was observed. The corresponding grain size
distribution is summarized in Fig. 2.5(b), which the d,; ranged from few hundred
nanometers to 1-2 um with an average of ~0.8 um. It should be noticed that grains size
of the EP-SCE Au was too small to be determined by EBSD measurement; therefore, the
average d; of the EP-SCE Au was estimated from the GIXRD pattern (Fig. 2.3) using the
Scherrer equation. The estimated average dy of the PEP and the EP-SCE Au was

extremely small of ~13 nm, which was far smaller than that of the CONV-EP Au.

2.3.3. Micro-Mechanical Properties of Au Micro-Pillars

Mechanical strengths of the Au films were determined from engineering SS
curves generated from the micro-compression tests. Fig. 2.6 shows the SS curves of the
CONV-EP and the EP-SCE micro-pillars. The oy of CONV-EP pillar was estimated to be
380 MPa, which was determined by the cross-point of the SS curve and 0.2 % offset line
of the elastic deformation region. The oy obtained from the PEP and the EP-SCE pillar
was evaluated to be 540 MPa and 520 MPa, respectively. Moreover, the compressive flow
stress also reached ~800 MPa for the PEP and the EP-SCE pillars, further suggesting that
mechanical properties of electroplated Au can be enhanced by employing these two
methods. The significant enhancement of the mechanical properties in the PEP and the

EP-SCE Au pillars could be explained by the Hall-Petch relationship [5], that is, strength
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of polycrystalline metallic materials is enhanced following a decrease in the grain size.
As confirmed by the GIXRD patterns (Fig. 2.3) and the SIM images (Fig. 2.4), both the
PEP and the EP-SCE Au films had a finer d; when compared with the CONV-EP film. It
is worth noting that the high mechanical strength is attributed to the ultra-fine grains. For
the EP-SCE, the PPC, the hydrobaric effect, and the high carbon content could all
contribute to the grain refinement effect. Besides, the high carbon content suggests that
the EP-SCE films are promising electronic materials for the fabrication process involving

heat treatment since the grain growth would be suppressed.

2.3.4. Mechanical Properties of the Au Pillars with Different Dimensions

Considering dimensions of the components in MEMS devices, mechanical
properties of pillars having dimensions in 15x15x30 um? and 10x10x20 um? fabricated
from the CONV-EP and the EP-SCE Au films were also evaluated. Fig. 2.7 shows three
Au pillars fabricated from the CONV-EP and the EP-SCE films with different pillar size
before and after the compression tests. All the three pillars exhibited the same barrel-
shape deformation behavior as well as the Au pillars observed in Fig. 2.4.

Fig. 2.8(a) and (b) shows SS curves of the CONV and the EP-DCE pillars with
dimensions ranged from 10x10x20 to 20x20x40 um?, respectively. An increase in the ot
in the plastic deformation region with a decrease in the sample size was observed. In a
study on micro-pillars composed of nanocrystalline Ni having the d; at 8 nm, an increase
in the o is reported when the pillar cross-sectional area is decreased from 900 to 25 pm?
[24]. The dependency of mechanical properties on the diameter or cross-sectional area of
the samples evaluated is known as the sample size effect. In this study, the micro-pillars

evaluated were also composed of metallic crystals having the dg in nano-scale, and an
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enhancement in the strength was observed when the cross-section area decreased from
400 to 100 um?, which indicated the sample size effect in the EP-SCE pillars. The stress
as a function in log scale of the pillar size (/, length of a side of the square cross-section)
for the EP-SCE gold was plotted to further clarify the sample size effect, as shown in Fig.
2.8(c). Rinaldi et al. [30] reported that compressive stresses of Ni pillars composed of
nanocrystals exhibit an inverse power-law relationship with the diameter (D), o oc D7,
where the value of £ ranges from 0.38 to 0.66. Similar trends between the stresses with
square root of the cross-sectional area, which is diameter of a pillar having circular cross-
section or length of one side of a pillar having square cross-section as in this study, are
reported in other literature [24,31]. As shown in Fig. 2.8(c), the ot increased from 740 to
810 MPa when the / scales down from 20 to 10 um, and the exponent is about —0.13,
which gives of oc [,

Mechanical properties determined from SS curves can be affected by the strain
rate as reported in the literature, especially for nanocrystalline face-centered cubic metals,
which the strength is reported to have an inverse power-law relationship with the strain
rate, o oc (Strain rate)™, and the m value is the strain rate sensitivity reported in the range
from 0.01 to 0.03 in nanocrystalline fcc metals [32-35]. In this study, the compression
tests conducted were displacement rate controlled at 0.1 um/s. Heights of the pillars
evaluated were ranged from 40 to 20 um, and the strain rate would be varied from 2.5x10~
310 5.0x107 s7!. Using the m value at 0.03, a ~2.1% increase in the strength is expected
when the strain rate is increased from 2.5x107 to 5.0x107 s7!. In this study, the ot of EP-
SCE pillars increased from 740 to 810 MPa when the strain rate was increased from
2.5%107 10 5.0x107 5!, which is a ~9.5% increase in the strength. Therefore, the increase

in the of is suggested to be mainly contributed by the sample size effect.
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On the other hand, there was almost no variation in the oy as the 1 changed, which
remained at 520 MPa. For the sample size effect on the oy, ratio of the / to the d; is
important. The sample size effect on the oy is suggested to be observable when the //d,
ratio is between 5~10 [25,35,36]. In this study, d; of the EP-SCE gold film was finer than
100 nm and would lead to a ratio of //d; > 100 when the 1 was larger than 10 um. This
should be the main reason why the sample size effect showed insignificant influence on

the Oy.

2.4. Conclusions

An enhancement in the mechanical properties of the Au films fabricated by the
PEP and the EP-SCE was confirmed by micro-compression tests in this study. Also, grain
refinement effect was observed in the Au films prepared by the PEP and the EP-SCE.
Also, a high carbon content was observed in the EP-SCE film, which was one of the
causes of the grain refinement effect. The yield strength and compressive flow stress of
the EP-SCE micro-pillar with dimensions of 10x10x20 um? reached 520 MPa and ~800
MPa, respectively. The fine grains were suggested to be the main cause of the
enhancement in the mechanical properties based on the grain-boundary hardening
mechanism known as the Hall-Petch relationship. For the EP-SCE pillars with different
pillar dimensions, the ot increased from 740 to 810 MPa with a decrease in the pillar
dimensions from 20x20x40 pum’ to 10x10x20 pum?3. The strengthening observation
confirmed the sample size effect on mechanical properties of micro-pillars composed of
Au crystals having an average grain size in the nano-scale. The present study
demonstrated the alternative EP methods in the fabrication of Au materials with improved

mechanical properties for applications in electronic devices such as MEMS devices.
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2.6. Figures

(k)

coating

FIG. 2.1. A schematic of high pressure apparatus for EP-SCE: (a) CO: gas tank, (b) CO>
pressurization unit, (c¢) liquidization unit, (d) high-pressure pump, (e) box oven, (f)
reaction cell, with PEEK coating on the inner wall, (g) substrates, (h) stirrer, (1)

programmable power supply, (j) back-pressure regulator, and (k) trap [9].
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FIG. 2.2. (a) A schematic showing the fabrication process of micro-pillars using FIB. (b)
SEM image of a micro-pillar with the dimension of 10x10x20 pm?®. (c) Micro-mechanical
testing machine used for compression test. (d) Optical microscopic image showing the

micro-indenter and micro-pillar.
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FIG. 2.3. GIXRD patterns of CONV-EP, PEP, and EP-SCE Au films.

42



FIG. 2.4. SIM images showing the (a,b) CONV-EP (c,d) PEP, and (e,f) EP-SCE Au pillars

(a,c,e) before and (b,d,f) after the compression tests. The micro-pillars were tilted at 45°.
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FIG. 2.5. (a) EBSD orientation map of the CONV-EP Au pillar in Fig. 2.4 (a,b) with the

view of compression direction. (b) Grain size distribution obtained from (a).
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FIG. 2.6. Engineering SS curves obtained from the micro-compression tests using Au

micro-pillars. Pillar dimensions: 10x10x20 um?. (a) CONV-EP, (b) PEP, and (c) EP-SCE

Au thick films.
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FIG. 2.7. SIM images of the EP-SCE Au pillars with the dimensions of (a,b) 15x15x30
um? and (c,d) 20x20x40 pm?. (e,f) The CONV-EP Au pillar with the dimensions of
20x20x40 pum?. (a,c.e,) Before and (b,d,f) after micro-compression tests. The micro-

pillars were tilted at 45°.
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pillars with different dimensions. The yield strength (oy) and flow stress at 5% (o¥) are

marked by the vertical bar and horizontal bar, respectively. (c) Plot of the stress, grand ay,
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CHAPTER

Galvanic Deposition of Au—Cu Alloys from Non-

Cyanide Electrolyte

3.1. Introduction

In recent years, electroplating of metal-based electronic components applied in
micro-electrical-mechanical system (MEMS) devices has been developed to replace
conventional Si-based components to further improve the performance and
miniaturization of the devices [1-4]. Among the metallic materials, Au is promising to
attain better sensitivity in MEMS accelerometers by significantly lowering the Brownian
noise because of the high density (19.30 g/cm? at 298 K) [5]. However, Au is known to
be a soft metallic material. Reliability or structure stability of the components used in
MEMS devices is highly dependent on mechanical properties (yield strength, fracture
strength, etc.) of the materials used to construct the components. Especially for the yield
stress, prior to the yield stress, the material will deform elastically and return to its original
shape when the applied stress is removed. Yield stress of bulk Au is reported to be 55~200
MPa [6]. Although a yield stress of 500 MPa could be achieved by refining the average
grain size to nanoscale through the pulse electroplating [7] and supercritical carbon
dioxide-assisted electroplating methods [8], but it is still much lower than fracture
strength of Si materials, which is 1-3 GPa [4]. Since Si material does not yield until

fracture occurs hence the fracture strength is used here to be a comparison with the yield
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stress of gold materials. Besides, abnormal grain growth of the pulse-electroplated fine-
grained Au at room temperature may raise additional concerns in the applications [9]. To
overcome these predicaments, alloying the electroplated Au is suggested to be the
solution and allows further strengthening by the solid solution strengthening mechanism
[10-12].

On the other hand, Vickers micro-hardness measurement is widely used to
characterize mechanical properties of the electroplated metallic materials [13,14].
However, the obtained results are often affected by the substrate, which may not represent
the real strength of the electroplated materials. Moreover, mechanical properties of
materials in micro-scale are much different from those of bulk materials due to the size
effect [15]. Therefore, micro-mechanical tests using specimens in micro-scale are
required to provide reliable information on the mechanical properties for design of the
MEMS micro-components [15,16].

In this chapter, effects of the current density on micro-mechanical properties of
the Au—Cu alloy films fabricated by galvanostatic electroplating were evaluated by micro-
compression tests. The Au—Cu alloy micro-specimen showed an ultra-high yield strength
of 1.15 GPa when optimum electroplating conditions were employed. This report
demonstrates electroplated Au—Cu alloys with high strength and excellent ductility are

promising materials for next generation of MEMS.

3.2. Experimental
3.2.1. Fabrication of Au—Cu Alloys by Galvanostatic Plating
The Au—Cu electrolyte used in this work was a commercially available

electrolyte provided by MATEX Co. Japan, which contained 17.3 g/L of X3Au(SOs)>
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(X=Na, K), 1.26 g/L of CuSOs4, and EDTA as the additive with pH of 7.5. A potentiostat
(Solartron SI1287) was served for the electroplating. The electroplating was carried out
at 50 °C, and the current density was varied from 2 to 9 mA/cm?. A piece of Pt plate and
Cu plate with the same dimensions of 1x2 cm? were used as the anode and the cathode,
respectively. Two thicknesses of the films were prepared for the characterization. Thin
films with a thickness of ~3 um were used for surface characterization, and thick films
with a thickness of ~50 um were used only for fabrication of the micro-compression

specimens.

3.2.2. Characterization

Surface morphology of the Au—Cu alloy thin films was observed by a scanning
electron microscope (SEM, Hitachi SU4300SE). The composition was evaluated by
energy dispersive spectroscopy (EDS) equipped in the SEM. Crystal structures of the
films were characterized by X-ray diffraction (XRD, Rigaku Ultima IV) at a glancing
angle of 3°. Microstructures and deformation behaviors of the micro-specimens were
observed using a scanning ion microscope (SIM) equipped in a focus ion beam system

(FIB, Hitachi FB2100).

3.2.3. Micro-Compression Tests

The micro-compression specimens used in this study were non-tapered micro-
pillars fabricated from the Au—Cu alloy thick films using the FIB. The micro-pillars had
a square cross-section of 10x10 um? and a height of 20 um. The micro-compression tests
were conducted with a testing machine specially designed for micro-specimens. The

compression was conducted at a constant displacement rate of 0.1 um/s using a piezo-
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electric actuator. Details of the micro-pillar fabrication procedures and the micro-

compression test were reported in a previous work [16].

3.3. Results and Discussion
3.3.1. Surface Morphology of Au—Cu Films

Fig. 3.1 shows surface morphology of the Au—Cu alloy films electroplated at
various current density. The films deposited at lower current densities exhibited nodular-
like structures as shown in Fig. 3.1(a) and (b). When the current density was increased
(4-7 mA/cm?), the surface morphology gradually changed to a smooth surface as shown
in Fig. 3.1(c) to (f). Large agglomerates of bump-clusters were observed when the current
density was higher than 8 mA/cm?, as shown in Fig. 3.1(g) to (h). Similar morphology

was reported for the Au-based alloys electroplated at high current density [17].

3.3.2. Crystalline Structure and Composition

Fig. 3.2(a) and (b) show XRD patterns of the Au—Cu alloys and the peak shift in
the vicinity of the major (111) peak and (200) peak, respectively. As shown in Fig. 3.2(b),
both the (111) and (200) peaks shifted continuously to a higher diffraction angle as the
current density increased. For instance, the (111) peak shifted from 26 = 38.79° at current
density = 3 mA/cm? to 26 = 40.09° at current density = 8 mA/cm?. The peak shift was
suggested to be a result of the increase in the Cu content since 2 8 of the (111) peak of Cu
is larger than 2 @ of the (111) peak of Au. No diffraction peaks from intermetallic nor other
ordered phases were observed in the electroplated films. Relationships between the
current density with average grain size of the Au—Cu alloy, Cu content in the Au—Cu alloy,

and the lattice constant are summarized in Fig. 3.3. The d; was estimated from the XRD
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results and the Scherrer equation. The d; was reduced from 8.8 nm to a minimum value
of 5.3 nm when the current density was increased from 2 to 6 mA/cm?. d, of electroplated
materials is highly dependent on the cathodic overpotential, which grain refinement is
observed as the cathodic overpotential increased [18]. Based on the Butler—Volmer
equation, the cathodic overpotential is related to the current density, which the cathodic
overpotential increases as the current density increases. Therefore, it is expected to see a
reduction in the d; as the current density increases. On the other hand, an increased in the
dy was observed as the current density increased beyond 6 mA/cm?. Increasing the current
density also promotes the side reaction(s), such as hydrogen evolution. Cathodic
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 [19]. This should be the cause of the
grain coarsening observed when the current density is higher than 6 mA/cm?. Meanwhile,
a sustained increase of the Cu concentration in the Au—Cu alloys from 12.2 at% to 46.7
at% was observed when the current density was increased from 2 to 9 mA/cm?. The results
can be interpreted by the difference in the reduction potential between Au and Cu [17],
which the 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 negative, hence
reduction of Cu is gradually favored and leads to an increase in the Cu concentration. The
lattice constant consequently decreased as the Cu concentration increased due to a smaller

atomic radius of Cu atom as shown in Fig. 3.3(c).

3.3.3. Deformation Behavior of Au—Cu Micro-Pillars and Micro-Mechanical Properties
Fig. 3.4 shows SIM images of the Au—Cu alloy micro-pillars fabricated from the

thick Au—Cu alloy films before and after the micro-compression tests. Barrel-shape
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deformations were observed in the micro-pillars fabricated from the films electroplated
at current density = 3, 5, and 6 mA/cm?, which are typical deformations for polycrystalline
metallic materials [20,21]. When the current density was further increased to 8 mA/cm?,
brittle fracture shown by the cracks along boundaries of the agglomerates were observed
after the compression test. The Au—Cu alloy film electroplated at 8 mA/cm? was
composed of nano-grains, which was similar to the film electroplated at lower current
density of 4 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 design of
components used in MEMS devices.

Engineering strain-stress (SS) curves obtained from the micro-compression tests
are shown in Fig. 3.5. Generally, all the pillars exhibited extremely high yield strength
(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 strength
obtained from micro-mechanical tests of pure Au and pure Cu reported in the literature
[7,8,22,23]. Flow stresses (ot) at 10 % strain of all the micro-pillars were higher than 1.3
GPa except for the micro-pillar prepared from the film electroplated at current density of
8 mA/cm?, which the crack-induced brittle fracture should be the reason of the lowered

flow stress.

3.3.4. Strengthening Mechanisms in the Electroplated Au—Cu Alloys
The enhanced yield strength in the Au—Cu alloys is mainly attributed by the

following two mechanisms: (i) Grain boundary strengthening [24] and (i1) solid solution
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strengthening [10]. As shown in Fig. 3.3, the grain refinement effect goes along with an
increase in the Cu content as the current density increases. According to the grain
boundary strengthening mechanism, the strength of metallic materials increases as total
amount of grain boundary in a specimen increases, that is also understood as a decrease
in the average grain size. Moreover, the solid solution strengthening mechanism is
considered to restrict the dislocation movement due to interaction of the dislocations with
the strained lattice surrounding the solute atoms, which then leads to a stacked
strengthening beyond the grain boundary strengthening mechanism. In Fig. 3.6(a), the
grain boundary strengthening mechanism can be summarized as the Hall-Petch plots (oy
vs. dg *) using results obtained in this study and the literature [17,25,26]. Due to lack of
the literature on the yield stress of Au—Cu alloys, results obtained from Vicker micro-
hardness (HV) tests were adopted and converted to the yield stress by dividing the micro-
hardness value to a Tabor coefficient of 4 (oy = HV/4 [27]) 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 d, scales down to ~6
nm [17,25]. The results obtained in this work also follow the Hall-Petch relationship well.
However, the yield stress continues increasing in the inverse Hall-Petch region and
reaches 1.15 GPa at the finest dg = 5.3 nm. Most importantly, the results obtained in this
study are much more reliable than those of Vicker micro-hardness tests since the hardness
results are often affected by the substrate and cannot reflect real strength of the
electroplated films. Furthermore, a plot of log-scale of the Cu content versus the oy is
shown in Fig. 3.6(b). The oy was increased as the Cu content increased, which was a
result of the solid solution strengthening mechanism. On the other hand, the oy became

independent of the Cu content when the Cu content was larger than ~36 at%. These results
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suggest the grain size is the dominant factor for the strengthening observed in the Au—Cu

alloys [17,25,26].

3.4. Conclusions

In this work, Au—Cu alloys were fabricated by galvanostatic electroplating, and
the micro-mechanical properties were evaluated by micro-compression tests. Surface
morphology of the Au—Cu alloy films showed a wide variation from smooth surface to
bump-clustered agglomerates as the current density varied from 2 to 9 mA/cm?. A
reduction in the grain size and an increase in the Cu content were observed with an
increase in the current density. The film with the finest d; at 5.3 nm was obtained when
current density = 6 mA/cm? was used. For the micro-compression tests, the specimens
used were micro-pillars with dimensions of 10x10x20 um?® fabricated from the
electroplated Au—Cu alloys. The highest yield stress at 1.15 GPa was achieved for the
Au—Cu alloy having dy = 5.3 nm and the Cu content of 30.3 at%. The ultra-high yield
stress was 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. In conclusion, Au—Cu alloys fabricated by electroplating
process high yield stress and tunable Cu concentration, which fulfill the requirement to

replace the Si-based materials in next generation MEMS devices.
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3.6. Figures

FIG. 3.1. SEM micrographs of the Au—Cu alloy films electroplated at current density =

(@) 2, (b) 3, (c) 4, (d) 5, (e) 6, () 7, () 8, and (h) 9 mA/cm?.
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FIG. 3.2. (a) XRD patterns of the electroplated Au—Cu alloy films, where (b) the major
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FIG. 3.4. SIM images of the Au-Cu alloy micro-pillars (a—d) before and (e—h) after the
micro-compression tests. The micro-pillars were fabricated from the films electroplated

at current density = (a, €) 3, (b, ) 5, (c, g) 6, and (d, h) 8 mA/cm?.
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CHAPTER

Pulse Current Electrodeposition of Ultrahigh
Strength Nanocrystalline Au—Cu Alloys

4.1. Introduction

In recent years, high density metallic materials have attracted much attention for
applications as movable micro-components in micro-electro-mechanical systems (MEMS)
devices to allow further enhancement in the sensitivity and miniaturization [1]. Au
material is a promising candidate in MEMS devices due to its high density, chemical
stability, electrical conductivity, and ductility [2]. However, mechanical strengths of pure
Au are relative low when compared with metals commonly used in electronic devices,
which the yield strength (oy) is reported to be 50200 MPa 1n its bulk state [3]. Because
of the poor mechanical property, concerns are raised on structure stability of movable
micro-components composed of gold. Therefore, strengthening of the Au material
becomes an urgent priority for applications in micro-electronic devices.

Electrodeposition is a commonly applied method to fabricate metallic materials
for electronic devices [1,4]. When applied in fabrication of Au materials, Au with
controlled properties, such as grain size and morphology can be achieved by adjusting the
electrodeposition parameters. Especially for the feasibility in control of the grain size, the
grain boundary strengthening mechanism (or so called Hall-Petch effect) can be utilized

to enhance the mechanical property by refining the grain size into nanoscale [5,6]. A
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significant enhancement in the oy over 500 MPa was reported in electrodeposition of pure
Au with the grain size at ca. 10 nm [7,8]. In addition, electrodeposition can produce not
only pure metals but also alloys with controlled composition. Alloy electrodeposition
allows a further enhancement in the mechanical strength based on the solid solution
strengthening mechanism [9,10]. In addition, the solid solution strengthening mechanism
can be promoted by alloying elements having a large difference between the atomic
masses [11,12].

Compared to direct constant current (DC) electrodeposition, pulse current (PC)
electrodeposition allows a higher versatility in controlling properties of the
electrodeposits [13—15]. In particular, PC electrodeposition can produce electrodeposits
with a finer grain size than that of DC electrodeposition [16,17], which is beneficial in
strengthening of Au materials. For the candidate of alloying elements, we limit the target
to Cu because Cu is also a commonly used material in electronic devices, and its
conductivity is comparable with Au. Besides, a conspicuous strengthening is expected
based on the difference between the atomic masses [18-20].

For applications of the electrodeposited Au—Cu alloys in movable micro-
components of electronic devices, mechanical properties of the Au—Cu alloys in micro-
scale were evaluated. Although Vickers micro-hardness tests are often used to
characterize micro-mechanical properties of electrodeposits, however, the obtained
results could still be affected by the substrate [21,22]. Micro-mechanical tests using
specimens in micro-scale are recognized as the most reliable method to evaluate micro-
mechanical properties of electrodeposits [23,24]. The aim of this study is to evaluate
influences of the PC electrodeposition parameters on chemical composition, grain size,

surface morphology, and micro-mechanical properties of the Au—Cu alloys for design of
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micro-components in next generation micro-electronic devices.

4.2. Experimental
4.2.1. Fabrication of Au—Cu Alloys by Pulse Electroplating

The Au—Cu alloys were electrodeposited onto cold-rolled Cu substrates (10 x 20
x 0.3 mm?) with a commercially available electrolyte provide by MATEX Co. Japan. The
electrolyte was consisted of 17.3 g/L of X3Au(S0O3)2 (X =Na, K), 1.26 g/L of CuSOs, and
EDTA as an additive with pH of 7.5. A piece of Pt substrate was used as the counter
electrode, and the dimension was the same as the Cu substrate. Temperature of the
electrolyte was maintained at 50 + 1 °C using a water bath. The PC electrodeposition was
carried out using a pulse power supply (plating electronic GmbH, type pe86CB-20-5-25-
S/GD). For all experiments, the current on-time (#,n) was fixed at 10 ms, while the pulsed
current density (Jp) and the current off-time (zoff) were varied. The parameters were
summarized in Table 4.1. Thin Au—Cu alloy films with a thickness of 3—5 um were used
for characterization of the composition, grain size, and morphology. Thick films

(thickness > 40 um) were prepared for fabrication of the micro-compression specimens.

4.2.2. Characterization and Micro-Compression Tests

Crystal structures of the electrodeposited Au—Cu alloys were characterized by
X-ray diffraction (XRD, Rigaku Ultima IV) at a glancing angle of 3°. The scan ranged
from 26 = 30° to 90° with a step size of 0.02°, and the scan rate was 2 °/min. The grain
sizes were estimated from the XRD results and the Scherrer equation. Surface
morphology and composition of the electrodeposits were evaluated by a scanning electron

microscope (SEM, Hitachi SU4300SE) and energy dispersive spectroscopy (EDS)

67



equipped in the SEM. Micro-mechanical properties of the Au—Cu alloys were evaluated
using micro-pillars fabricated from the thick Au—Cu films by focus ion beam (FIB,
Hitachi FB2100). The Au—Cu micro-pillars had a square cross-section of 10x10 pm? and
a height of 20 um. Uniaxial compression tests were conducted at a constant displacement
rate of 0.1 um/s using a testing machine specially designed for micro-specimens. Details
of the micro-pillar fabrication and the micro-compression tests are reported in a previous
study [24]. Deformation behaviors of the Au—Cu micro-pillars after the micro-
compression tests were observed by a scanning ion microscope (SIM) equipped in the

FIB.

4.3. Results and Discussion
4.3.1. Effects of Pulse Current Density

Fig. 4.1 shows XRD patterns of the Au—Cu alloys electrodeposited at the J, of
5-20 mA/cm? with the fon and fof both fixed at 10 ms. All electrodeposits showed the
same crystal structure, which all of peaks could be indexed to the face-centered cubic (fcc)
reflection. With an increase in the Jp, the peaks shifted to larger Bragg 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 Fig. 4.2. The Cu concentration linearly
increased from 15.3 at% to 45.5 at% as the J, increased from 5 to 20 mA/cm?. These
results are similar to the Au—Cu alloys prepared by the DC electrodeposition [20], which
an increase in the J, leads to a higher Cu concentration. The standard reduction potential
of Cu is more negative than that of Au [25]. An increase in the J, would make 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 decreased
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from 8.0 nm to a minimum value of 5.2 nm as the J, increased from 5 to 10 mA/cm?,
which is attributed to the increase of the nucleation rate as the current density increases
[26]. On the other hand, after reaching the minimum value, the grain size increased to 5.8
nm as the the J, increased to 20 mA/cm?. The grain growth at high J, could be attributed
to promotion of 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 [26].

4.3.2. Effects of Current Off-Time

Effects of the #fr on crystal structure and alloy composition of the Au—Cu alloys
are discussed in this section. Fig. 4.3 shows XRD patterns of the Au—Cu alloys
electrodeposited at the J, of 20 mA/cm? and the fofr varied from 20 to 120 ms. Similar to
Fig. 4.1, all the XRD patterns showed the fcc reflections, and no other diffraction peaks
were observed. The major (111) peak gradually shifted from 28 = 40.2° to 38.8° when the
tofr increased from 20 to 120 ms, which indicate a decrease in the Cu concentration. It is
known that the # plays an important role in controlling the alloy composition due to the
galvanic displacement reaction occurred on the substrate surface [17,27-29]. 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
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occurred during the off-time period would cause a decrease in Cu concentration of the
Au—Cu alloy, which is consistent with the lattice swelling observed from the XRD results.

Dependence of the Cu concentration on the fofr at J,, varied from 10 to 60 mA/cm?
is shown in Fig. 4.4(a). Several trends were observed as the J, and the 7o changed. At
first, a decreases in the Cu concentration was observed as the #ofr increased at all of the J,.
The results corresponded well with those observed from the XRD patterns, which more
Cu was replaced by Au as the #f increased. Secondly, decreasing rate of the Cu
concentration as the z.s increased showed a transition from high to low as indicated by
the change in slope of the curves in Fig. 4.4(a). The J, of 50 mA/cm? curve indicated this
point clearly. Cu concentration of the Au—Cu alloy showed a steep decrease from a short
totf to tofr of 240 ms, and the slop became less steep at forrlonger 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, 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 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 Cu concentration
decreasing rate was slowed down as the J, increased. The evidence can be clearly seen in
the J, of 20 mA/cm? and J, of 60 mA/cm? cases. The Cu concentration decreased from
36.9 at% to 18.4 at% when the #fr was increased from 30 to 100 ms in the case of J, of
20 mA/cm?. A much longer for was required, from 290 to 590 ms, for the Cu concentration
to decrease from 37.1 at% to 18.9 at% in the case of J, of 60 mA/cm?. The alloys
electrodeposited at higher J, contain higher Cu concentration. Although the dissolution

rate is highly dependent on the Cu concentration, but diffusion of Cu*" away from surface
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of the substrate and Au" from the bulk to the reaction site could also affect the dissolution
rate. Hence, a longer fofr is needed to reach the same Cu concentration when the Jj, is high.

Effects of the 7 on the grain size showed similar trends at various J,, which the
grain size initially decreased to a minimum value of ca. 4.40 nm and then the grain size
increased when the #. increased, as shown in Fig. 4.4(b). The displacement reaction
occurred during the off-time period can initiate re-arrangement of atoms in the alloy,
which could induce nucleation or grain growth of the reduced metals in the alloy. Driving
force of the re-arrangement is dependent on the dissolution rate. When the driving force
is high, the re-arrangement is more vigorous and nucleation is induced. As shown in Fig.
4.4(a) and 4.4(b), the grain size reduced with a decrease in the Cu concentration until the
Cu concentration reached ca. 36.0 at%. On the other hand, the re-arrangement is less
vigorous and grain growth is favored when the Cu concentration is low. This is why grain
coarsening was observed when the Cu concentration was lower than ca. 36.0 at% as the
fotr increased.

As a result, a wide Cu concentration ranging from 10.1 at% to 50.0 at% was
attained by adjusting either or both the J, and the #f. In addition, the critical point
observed at the Cu concentration of ca. 36.0 at% indicated the grain size was interrelated
to the alloy composition. Fig. 4.5 shows the grain size as a function of the Cu
concentration. The Cu concentration and the grain size followed a monotonic relationship.
Similar behavior was reported in other PC electrodeposited alloys [29-31]. When
compared to the DC electrodeposited Au—Cu, the DC electrodeposited Au—Cu also
showed the same monotonic relationship. Furthermore, as shown in Fig. 4.5, the PC
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 DC electrodeposition, which
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are both advantageous for applications as movable micro-components.

4.3.3. Morphology of Au—Cu Alloys

Effects of the PC electrodeposition parameters on morphology of the Au—Cu
films were observed by the SEM as shown in Fig. 4.6. Overview of the Au—Cu alloys
electrodeposited at the J, of 15 mA/cm? showed bright surfaces when the f,fr was between
20 to 50 ms. From Fig. 4.6(a), the alloy film electrodeposited at the #,sr of 20 ms showed
pebble-like structures, and size of the pebble-like structures shrank gradually as the zosr
increased to 50 ms as shown in Fig. 4.6(b) and (c). The surface became dull when the #or
increased to 100 ms, and the pebble-like structures were still observed as shown in Fig.
4.6(d). When a lower J, at 5 mA/cm? was used, two alloy films deposited at the Zof of 30
and 100 ms both showed dull surface. Size of the pebble-like structures increased as the
torf increased to 100 ms (Fig. 4.6(f)). The surface condition became very rough when the
Jp was increased to 20 mA/cm?. As shown in Fig. 4.6(g), the alloy film deposited at the
Jp of 20 mA/cm? and the o of 20 ms showed large agglomerates of colony-like clusters,
and dull surface was observed. Then the surface became bright and size of the pebble-
like structures decreased as the fofr increased to 50 ms, shown in Fig. 4.6(h). An interesting
conclusion could be made here, which Au—Cu alloys with similar surface morphology
and similar Cu concentration could be fabricated using different pulse parameters (Fig.
4.6(b): J, = 15 mA/cm?, tor = 30 ms; Fig. 4.6(h): J, =20 mA/cm?, tor = 50 ms). This result
demonstrated that not only the grain size but also the surface morphology was both
interrelated to the Cu concentration. The morphology, composition, grain size, and
electrodeposition parameters of the Au—Cu alloys are summarized in Table 4.2.

Effects of the J, and the #f on the morphology and the Cu concentration are
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summarized and illustrated in Fig. 4.7. In general, roughness of the surface is affected by
the current density applied, 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 zr
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 Fig. 4.6(g). When a high J, and a long #. 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;, 1s used, the surface 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 J,
=5 mA/cm? in Fig. 4.6(e) and 4.6(f), the surface condition did not become smoother as

the #ofr increased from 30 to 100 ms.

4.3.4. Micro-Mechanical Properties of Pulse Electroplated Au—Cu Alloys
Micro-mechanical properties of the PC electrodeposited Au—Cu alloys were
evaluated by micro-compression tests to demonstrate the potential for applications in
micro-electronic devices. The micro-pillars were fabricated from the thick Au—Cu films
by FIB, and the Cu concentration of each pillar was 46.5 at%, 33.9 at%, 21.0 at%, and
12.2 at%, respectively. Fig. 4.8 shows SIM images of the Au—Cu alloy micro-pillars

before and after the micro-compression tests. For the Cu concentration of 46.5 at% pillar
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(Fig. 4.8(a) and (b)), the surfaces showed clear boundaries originating from the large
agglomerates observed in Fig. 4.6(g). After the compression test, brittle fracture was
observed as shown in Fig. 8(b), which is suggested to be induced by the cracks along the
agglomerate boundaries. As the Cu concentration decreased to 33.9 at% (Fig. 4.8(c) and
(d)), the typically polycrystalline deformation (barrel-shape [24,32]) was observed. The
micro-pillars containing lower Cu concentration (Cu concentration = 21.0 at% in Fig.
4.8(e) and (f) and 12.2 at% in Fig. 4.8(g) and (h)) also exhibited the same barrel-shape
deformation. The large agglomerates and the brittle fracture were also observed in the DC
Au—Cu alloys electrodeposited using a high current density, which the brittle fracture was
observed when the Cu concentration was higher than 38 at%.

Engineering strain-stress (SS) curves obtained from the micro-compression tests
are shown in Fig. 4.9. The oy were estimated from the 0.2% offset line of the elastic
deformation region [33]. The Cu concentration of 46.5 at% and 33.9 at% micro-pillars
showed almost the same oy of 1.36 and 1.38 GPa, respectively. However, the subsequent
flow stress behaviors were different between the two pillars, which is attributed to the
difference in the deformation behaviors shown in Fig. 4.8(b) and (d). The brittle fracture
in the Cu concentration of 46.5 at% micro-pillar lead to the stagnant and trembling flow
stress. In contrast, the flow stress continuously increased after the yielding region for the
Cu concentration of 33.9 at% micro-pillar, which is a result of the barrel-shape
deformation. The micro-pillars with lower Cu concentration (21.0 at% and 12.2 at%)
showed similar S§ curves as the Cu concentration of 33.9 at% micro-pillar but lower oy
of 1.06 GPa and 0.90 GPa, respectively.

After all, the oy ranged from 0.90 to 1.38 GPa in the PC electrodeposited Au—Cu

micro-pillars are all higher than that of pure Au, which can be understood as synergistic
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effects of the grain boundary strengthening [5] and the solid solution strengthening
mechanisms [9,10]. Based on the grain boundary strengthening mechanism, the strength
of metallic materials is proportional to reciprocal square root of the grain size. This
relationship is known as the Hall-Petch relationship [5]. On the other hand, the solid
solution strengthening comes from the restriction of dislocation movement due to the
interaction between dislocation and solute atoms [9,10]. A number of theories for solid
solution strengthening have been proposed that the strength is proportional to the solute
concentration with order of 1/2 [9] or 2/3 [ 10], which depends on the solute concentration.
It is worth noticing that the highest oy at 1.38 GPa obtained in the PC electrodeposited
Au—Cu micro-pillar is higher than that of DC electrodeposited micro-pillar with the same
Cu concentration (oy = 1.15 GPa) [20], demonstrating the capability to further refine the

grain size and enhance the strength by pulse current electrodeposition.

4.4. Conclusions

In this study, effects of the pulse current parameters on the alloy composition,
grain size, surface morphology, and micro-mechanical property of the Au—Cu alloys were
investigated. A wide copper concentration in the Au—Cu alloys ranging from 10.1 to 53.0
at% was obtained. An increase in the Cu concentration was observed by using either or
both of a high pulsed current density and a short current off-time. The smallest grain size
of ca. 4.40 nm was achieved in films having the Cu concentration ranged from 30.0 to
35.0 at%. Grain refinement was achieved with a high J,, and promoting the displacement
reaction could also reduce the grain size. A high J, resulted roughening of the surface,
and enhancing the displacement reaction lead to a surface smoothening effect.

Deformation behavior of the Au—Cu micro-pillar was affected by the Cu concentration,
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which brittle fraction was observed when the Cu concentration was higher than 38 at%.
An ultrahigh oy at 1.38 GPa was obtained in the micro-pillar having the Cu concentration
of 33.9 at% and the grain size of 4.68 nm, which is a result of synergistic effects of the
grain boundary strengthening and solid solution strengthening mechanisms. In conclusion,
the present study demonstrated the simplicity (by the pulse current electrodeposition) and
the versatility in controlling properties of the Au—Cu alloys for applications in design and

fabrication of micro-components in micro-electronic devices.
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4.6. Tables

Table. 4.1. Parameters for pulse electrodeposition of Au—Cu alloy films.

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
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Table. 4.2. A summary of pulse parameters, Cu concentration ([Cu]), grain size (dy), and

morphology of the Au—Cu alloys presented in Fig. 4.6.

Jp, mA/cm® o, ms  [Cu], at%  dg, nm Morphology
20 46.5 4.83  Colony-like clusters and dull surface
2 50 33.9 4.68  Pebble structure and bright surface
20 37.0 471  Pebble structure and bright surface
30 34.1 4.82  Pebble structure and bright surface
° 50 29.5 4.94  Pebble structure and bright surface
100 21.0 6.16  Pebble structure and dull surface
30 18.0 7.03  Pebble structure and dull surface
’ 100 12.2 9.09  Pebble structure and dull surface
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4.7. Figures

(111)

(200)

> (220)
 (311)
(222)

20 mA/cm?

1

15 mA/cm?

I N, —————]
10 mA/cm?

Normalized intensity (a.u.)

i o R
| Jp = 5 mA/cm?

30 40 50 60 70 80 90
20(°)

FIG. 4.1. XRD patterns of the Au—Cu alloys electrodeposited at the J, varied from 5 to
20 mA/cm? with ton and o both fixed at 10 ms. The straight dash line indicates the center

of (111) diffraction peak in the J, of 5 mA/cm? sample.
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FIG. 4.3. XRD patterns of the Au—Cu alloys electrodeposited at the J, of 20 mA/cm? with
the #fr varied from 10 to 120 ms. The fon was fixed at 10 ms. The straight dash line

indicates center of the (111) diffraction peak in the zo¢ of 10 ms sample.
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FIG. 4.6. SEM micrographs of the Au—Cu alloy thick films. The alloys electrodeposited
at the J, of 15 mA/cm? with the tofr of (a) 20 ms, (b) 30 ms, (c) 50 ms, and (d) 100 ms; J,
of 5 mA/cm? with (e) 30 ms and () 100 ms; J, of 20 mA/cm? with (g) 20 ms and (h) 50

ms. The #on 1s fixed at 10 ms.
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FIG. 4.8. SIM micrographs of the Au—Cu alloy micro-pillars (a—d) before and (e—f) after
the micro-compression tests. The micro-pillars were fabricated from the thick films with
the Cu concentration of (a, e) 46.5 at%, (b, f) 33.9 at%, (c, g) 21.0 at%, and (d, h) 12.2

at%.
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FIG. 4.9. Engineering SS curves of the micro-pillars containing the Cu concentration of
(a) 46.5 at%, (b) 33.9 at%, (c) 21.0 at%, and (d) 12.2 at%. The yield strength (oy) is
determined by the cross-point of the SS curve and the 0.2% offset line of the elastic

deformation region. The oy is marked by a horizontal bar.
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CHAPTER

Microstructure of Electrodeposited Au—Cu Alloys
Observed by High-Resolution Transmission Electron

Microscopy

5.1. Introduction

Microelectromechanical systems (MEMS) capacitive accelerometers have been
developed in recent decades and widely used in the acceleration-detection applications
including inertial navigation, earthquake prediction, and early diagnosis of neurological
diseases [1]. Significant reduction of mechanical noise by uses of electrodeposited Au in
movable micro-components in MEMS devices have been demonstrated [2,3], which
further allows further enhancement in the sensitivity and miniaturization of the device.
However, Au is known to be a soft metallic material and the yield strength in bulk state
is reported to be 50-200 MPa [4]. A relatively high yield strength of ~500 MPa could be
achieved by refining the grain size to nanoscale [5], but it still lower than the conventional
silicon (Si) materials having the fracture strength of 1-3 GPa [6]. Besides, high purity
nanocrystalline metals are known to have low thermal stability [7]. The undesired effect
of grain growth would be induced by the necessary thermal treatment in the MEMS
fabrication process, and the grain growth leads to lowering of the mechanical strength [8].

Further enhancement of mechanical strength can be achieved by alloying of the
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nanocrystalline Au [9—11]. In previous chapters [12,13], I investigated micro-mechanical
properties of the electrodeposited Au—Cu alloys using uniaxial micro-compression tests.
The high yield strengths of 0.9—1.5 GPa could be regarded as synergistic effects of grain
refinement and solid solution, and the flow stress during plastic deformation exhibited
different behaviors when the alloy composition varied. The micro-pillar with lower
copper concentration (below 15 at%) showed steady flow stress after the yielding; while,
a stress drop was observed right after the yielding in early stage of the plastic deformation
region and became more clearly as the copper concentration increased until ~34 at%.
Such stress drop phenomenon was rarely found in nanocrystalline face-centered cubic
(fcc) metals or alloys and should be clarified.

Another unexpected result is that, the yield strength continuously increased when
the grain size was refined less than 10 nm. The finding is much different with the literature
results evaluated by Vicker hardness tests, which clearly show inverse Hall-Petch
behavior [9-11]. For nanocrystalline materials, it is generally recognized that the grain
size estimated by X-ray diffraction (XRD) and Scherrer’s equation is close to the grain
size observed in transmission electron microscopy (TEM) [14,15]. While, the deviation
between estimated and real grain size might occur if specific structure or texture exist.
On the other hand, the nanotwinned structure is often observed in electrodeposited face-
centered cubic (fcc) alloys (i.e., Ni-Mn, Ni—Co) [16,17]. In addition, reduction of the
stacking fault energy (SFE) can promote the twin evolution in deposited fcc alloy films
due to the lower energy requirement to form twin boundaries [18]. Moreover, formation
of nanotwinned structure can also enhance the mechanical strength. Numerous studies
have demonstrated that twin boundaries are effective on impeding dislocation motion

similarly to the effect of grain boundaries [ 19-21]. Therefore, it is necessary to investigate
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microstructure of the Au—Cu alloys through TEM observation and relate with the
mechanical properties.

In this chapter, microstructures of the electrodeposited Au—Cu alloys were
investigated using TEM measurements. In addition to the as-deposited alloys, the
compressed micro-pillars were also investigated in order to understand the stress drop

phenomenon observed in the early deformed state.

5.2. Experimental

Two Au—Cu alloys with different copper concentration of 15 at% and 32 at%
were electrodeposited from a commercially available electrolyte mainly containing
X3Au(SO3)2 (X = Na, K) and CuSOg, the details are given in Chapter 3 and 4. The
chemical composition and crystal structure of plated Au—Cu alloys were characterized by
energy-dispersive spectroscopy in a SEM (Hitachi SU4300SE) and X-ray diffraction
(XRD, Rigaku Ultima IV). The Au—Cu alloys coated plates were subsequently thinned
down to less than 100 um by mechanical polishing and cut into semicircle disk shape by
a mechanical punch machine. The micro-pillar specimens with the dimension of
15x15x30 um?® were fabricated from the semicircle specimens by focus ion beam (FIB,
Hitachi FB2100). Micro-mechanical properties of the Au—Cu alloy micro-pillars were
evaluated by micro-compression tests carried out at a constant displacement rate of 0.1
um/s [15]. The compressed micro-pillars were further thinned down to thickness of ~100
nm by using a SEM-FIB (JEOL JIB-4500). The milling direction of Ga ion beam is
parallel to the compression direction. The as-deposited Au—Cu alloys without

compression were also prepared for the comparison. The microstructures were observed
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using a scanning TEM (STEM, JEOL JEM-2100F) equipped with a high resolution TEM

(HRTEM) operated at 200 kV.

5.3. Results and Discussion

At first, we observed the microstructure of as-electrodeposited Au—Cu alloys.
Fig. 5.1(a) and (b) show the STEM images of the AugsCuis and AussCus» alloys. Each
nano-scaled and individual crystal grain could be distinguished by different contrasts and
the clear boundaries. Average grain sizes of two alloys were 25.6 £ 4.1 nmand 16.6 + 1.1
nm. Numerous single bands embedded in grain interior were observed in both two alloys.
Such band structure was confirmed as nanotwin by HRTEM measurements. Fig. 5.1(c)
shows a representative HRTEM image of a ~30 nm grain containing a ~8 nm width
nanotwin. The grain is roughly divided into three equal parts by the parallel twin
boundaries (TBs). The electron diffraction patterns converted by fast-fourrier transform
(FFT) confirmed that the twin structure is symmetrical to the matrix with the TB (111)
plane. On the other hand, grains containing half twin are also frequently observed. As
shown in Fig. 5.1(d), the TB located in the middle of the grain separates the grain into
two parts and the twin almost have the same size with the matrix.

Fig. 5.1(e) shows the XRD patterns of the as-electrodeposited AugsCuis and
AuesCus; alloys. No other diffraction peaks originated from the ordered structure (i.e.,
L1> AusCu or L1y AuCu) were observed except the fcc diffraction peaks. The average
grain sizes estimated by the Scherrer equation and major (111) diffraction peak were 7.8
nm and 4.7 nm for AugsCuis and AussCusz alloys, which is somewhat smaller than the
values that observed from STEM. The twin in a grain could be recognized as an individual

grain in the XRD; therefore, underestimation of grain size in XRD should be attributed
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to presence of nanotwins as illustrated in Fig. 5.1(%).

For alloy electroplating, the applied current density or potential plays an
important role on controlling the grain size and composition. In the case of Au—Cu alloys,
the Cu concentration is increased by applying a higher cathodic current density due to
different reduction potential between Au ion and Cu ion [9,11]. In the meanwhile, the
higher current density can promote the nucleation rate resulting in finer grains in
electrodeposits [22]. The twin evolution in the electrodeposited Au—Cu might be
attributed to the reduction of stacking fault energy (SFE). A strong decrease in SFE as a
result of alloying additions was experimentally examined and revealed to have a semi-
log relationship in many fcc-based alloys [23,24], as expressed by:

Iny/ w=ky(c/(1+c))? (5-1)

c=x/x" (5-2)
where  is the fault energy of the solvent metal, &, is a material constant, x is the alloying
concentration, x* is the solubility limit at high temperature. For example, the SFE of Cu
reduces from ~70 mJ/m? to below than 10 mJ/m? when alloying with other elements [23].
Although the SFE of Au alloys were rarely reported in the literatures, it is reasonable to
suppose that the SFE decreases by forming the Au—Cu alloys. Similar twin evolution was
also reported in the electrodeposited Ni alloys [16,17].

Next, we evaluated micro-mechanical properties of the electrodeposited Au—Cu
alloys using micro-compression tests. Fig. 5.2(a) and (b) shows SEM images of the
AugsCuis and AuesCus2 deformed micro-pillars with 12—-14% compressive plastic strain.
Similar barrel-shape deformations were observed in both micro-pillars, which are typical
deformations for polycrystalline metallic materials. The engineering strain-stress curves

obtained from the compression tests are shown in Fig. 5.2(c). The oy of AugsCuis and
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AuegCus2 micro-pillars are 0.95 GPa and 1.16 GPa, respectively. After the yielding point,
the AugsCus pillar exhibits steady flow stress during the plastic deformation until
unloading. For the AussCus> pillar, the flow stress declined at early plastic strain of ~1.7%
to 2.5%. After that, it exhibits steadily increased trend as well as the AugsCuys pillar. It
should be noticed that stress drop is rarely observed in the pure polycrystalline fcc micro-
specimens [15,25].

Mechanical strengths of polycrystalline metals are typically affected by several
strengthening mechanisms which take place simultaneously. In the present case of
electrodeposited Au—Cu alloys, the obtained oy are considered to be influenced by
multiple strengthening mechanisms:

Oy = Ogb + Ont T Oss (5-3)
where oy is the grain boundary strengthening, ont is contribution from nanotwins, and
oss 1s the solid solution strengthening. The effect of grain size on the strength is known
to be Hall-Petch relationship [26], and the term of ogh can be expressed as:

Ogb = 00 + knp-dg 2 (5-4)
where op is the friction resistance for dislocation movement within the polycrystalline
grains, kup is the Hall-Petch coefficient, and dj is the grain size. Moreover, the presence
of nanotwin can also enhance the strength. The twin boundary has similar effect with
grain boundary that forms barriers to the dislocation motion. Lu et al. [19,20,27] reported
that the twin width and strength follow a Hall-Petch relationship-like behavior in the
columnar-grained Cu with high density nanotwins perpendicular to the growth direction.
However, such nanotwinned structure is somewhat different with the present Au—Cu
alloys that only show one twin in a single grain. In this case, the twin could be regarded

as an individual grain because it has similar size with matrix. This assumption could be
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further suggested by the grain size difference in STEM and XRD, at which the STEM
observed grain size (dgstem) is roughly 3 times larger than the XRD estimated grain size
(dgxrp). The presence of nanotwins would cause the deviation in the Hall-Petch plot. As
shown in Fig. 5.3(a), the straight line plotted using the STEM observed grain size has
sharper slope with the Hall-Petch coefficient of kup = 0.259 MPa(m)®>. The knp value
decreases to 0.110 MPa(m)*> when using the XRD estimated grain size. Then, the sum
of ogh and ont can be simplified as oy if regarding the twin as grain. On the other hand,
the Hall-Petch plot only considered the grain size without the effect of solid solution. For
the solid solution strengthening ozs, the classical theories are established well in coarse-
grain alloys such as Fleischer model [28] and Labusch theory [29]. Rupert et al. [30]
further proposed an enhanced model modified from Fleischer model in nanocrystalline
fcc alloys, in which the composition dependence is approximately linear to the solute
concentration. This modified model for nanocrystalline alloys is in line with our
experimental results as shown in Fig. 5.3(b).

To understand the stress drop phenomena observed in the strain-stress curves,
the deformed microstructure in the compressed micro-pillars were further investigated by
STEM and HRTEM measurements. Fig. 5.3(a) shows a STEM image of the AussCus>
alloy after compressed for 13.8% plastic strain, which is similar to the as-electrodeposited
alloys in Fig. 5.1(a,b) that conspicuous nanotwins could be observed. In addition to the
growth twin, deformation twins from highly deformed grains in HRTEM measurement
were observed as shown in Fig. 5.3(b). The image shows that a deformation twin located
near the original TB in the matrix crystal is obstructed in the interior grain. In addition,
the opposite of matrix also shows small part of twin (right part of Fig. 3(b)). The

magnified IFFT image shown in Fig. 5.3(c) reveals the extremely complex interaction
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between the deformation twin and dislocation which force the twinning to stop in the
matrix interior. Such interactions are considered to be one of the important behaviors
during plastic deformation.

Deformation twinning is a possible mode for plastic deformation that is mainly
observed in fcc nanocrystalline metals with low stacking fault energy (SFE), but also in
fcc metals with medium-to-high SFE if deformed under extreme conditions. There are
several twinning mechanisms [31-33] proposed and observed in nanocrystalline fcc
metals, i.e. the random activation of partials (RAP) mechanism [33], the dislocation
rebound mechanism [31], or the partial emissions from grain boundary [31,34]. However,
if a single twin grows from a grain boundary but terminates inside a grain, it can only be
formed by the partial emissions from grain boundary. Zhu et al. [35] observed the similar
results in nanocrystalline Ni and proposed the relative mechanisms for Shockley twinning
partials to multiply at GB. Furthermore, the SFE of the fcc metals is usually reduced by
alloying, especially for the Au—Cu alloys. Therefore, the reduction of SFE can change the
energy path (i.e. general planar fault energy [36]) and thus facilitates the deformation
twinning under the applied stress. The stress drop observed in AuegCusz alloy pillar is
reasonably considered to be the lowered energy requirement for Shockley twinning

partials threading into grains to form deformation twins.

5.4. Conclusion

The microstructure of electrodeposited Au—Cu alloys with different
compositions were observed by STEM and HRTEM. The observed grain sizes in
AugsCuis and AussCuszz were 25.6 nm and 16.1 nm, respectively. Numerous growth twins

were observed in the as-electrodeposited Au—Cu alloys, which might be the main reason
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to cause the underestimation of grain size in XRD evaluation. The stress drop observed
in AuesCusz pillar is attributed to the deformation twining confirmed by HRTEM
measurement. Reduction of stacking fault energy is considered to promote initiation of

deformation twinning.
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5.6. Figures

- Matrix / Twin /
/ Matrix

(f)

Matrix Twin

AuggCus2

Normalized intensity (a.u.)

Cu |1

AU i1 zoo) B |220) (3;1.;[ |z22)

LIEL B T L B2 T o WO LN IR B LD S R B JELIEL I TR 2 R

30 40 50 60 70 80 90
20(°)

106



FIG. 5.1. (a,b) Bright-field STEM images of as-electrodeposited AugsCuis and AuesCuszz
alloys. The arrows indicating the nanotwins embedded in the grains. (c,d) Two
representative HRTEM images taken from AugsCuis alloy. Zone axis: [0-11] (e) GI-XRD
patterns of AugsCuis and AusgCus2 alloys. The vertical bars in bottom indicating the
diffraction peaks of pure Au and Cu. (f) Illustration of how the nanotwin embedded in a

nano-scale grain causing the underestimation of grain size from XRD patterns.
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FIG. 5.2. SEM images showing the (a) AugsCuis and (b) AuesCusz micro-pillars after

compression. (c) Engineering strain-stress curves obtained from micro-compression tests.
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FIG. 5.3. (a) Hall-Petch plot for Au-Cu alloys. Hollow circle and squares indicate the
grain size obtained from STEM and XRD, respectively. The yield strengths in the
literatures were converted from Vickers hardness. (b) A plot of yield strength versus

composition.
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FIG. 5.4. (a) STEM image of AugsCuis alloy after ~13.8% compressive strain. (b)
HRTEM image of a highly-deformed grain showing deformation twin. (c¢) Magnified

IFFT image showing the deformation twin.
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CHAPTER

Summary and General Conclusions

In the present study, high strength Au and Au—Cu alloys with nanocrystalline
structure were successfully fabricated by electroplating techniques in order to replace the
movable micro-components in microelectromechanical system (MEMS) devices. The
enhanced mechanical strengths in Au electrodeposits exhibit high potential for ensuring
the structural stability in the MEMS devices. Utilizing the pulse electroplating (PEP) and
the electroplating with supercritical CO2-contained electrolyte (EP-SCE) methods allows
the pure Au to have the yield strength (oy) over than 520 MPa. The compressive flow
stress (o) of exceeding 800 MPa is the highest value reported for electrodeposited pure
Au when compared with the literatures. Furthermore, the sample size effect was
investigated for the EP-SCE Au. Different size of micro-specimens in micron-scale show
the consistent oy, indicating that the nanocrystalline structure is preferred for the design
of various micro-components.

The mechanical strength in Au materials was further enhanced by forming the
Au—Cu solid solution alloys. With the control of electroplating conditions, a wide Cu
concentration ([Cu]) in the Au—Cu alloys ranging from 10.1 to 50.0 at% was obtained. An
ultrahigh oy at 1.38 GPa was obtained in the micro-pillar having the [Cu] of 33.9 at% and
the grain size of 4.68 nm, which is a result of synergistic effects of the grain boundary

strengthening and solid solution strengthening mechanisms. The displacement reaction
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occurred only during the current-off period in PEP showed great influences on the
composition and the grain size. The Au—Cu alloys with the [Cu] exceeding ~34 at% also
exhibit high yield strength > 1.15 GPa; while, the fracture deformation formed after oy is
unsuitable for structural design in MEMS devices. The microstructure of Au—Cu
electrodeposits were further revealed by high-resolution transmission electron
microscope (HRTEM). The nanotwinned structure was found in the electrodeposited Au—
Cu alloys, including the half-twin and the single-lamellar twin in the crystal grains.
Moreover, deformation twins were observed in the higher Cu content alloys, which causes
different behaviors in the compressive flow stress region. As a result, the Au and Au—Cu
alloys developed in the present study fulfill the requirement to replace the Si-based
materials in next generation MEMS devices. The results of the present study are

summarized as follows:

Chapter 2 An enhancement in the mechanical properties of the Au films fabricated
by the PEP and the EP-SCE was confirmed by micro-compression tests. Grain refinement
effect was observed in the Au films prepared by the PEP and the EP-SCE. Also, a high
carbon content was observed in the EP-SCE film, which was one of the causes of the
grain refinement effect. The oy and the ot of the EP-SCE micro-pillar with dimensions of
10x10x20 pm® reached 520 MPa and ~800 MPa, respectively. The fine grains were
suggested to be the main cause of the enhancement in the mechanical properties based on
the grain-boundary hardening mechanism known as the Hall-Petch relationship. For the
EP-SCE npillars with different pillar dimensions, the compressive flow stress increased
from 740 to 810 MPa with a decrease in the pillar dimensions from 20x20x40 to

10x10x20 um?. The strengthening observation confirmed the sample size effect on
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mechanical properties of micro-pillars composed of Au crystals having an average grain

size in the nano-scale.

Chapter 3 Au—Cu alloys were fabricated by galvanostatic electroplating, and the
micro-mechanical properties were evaluated by micro-compression tests. Surface
morphology of the Au—Cu alloy films showed a wide variation from smooth surface to
bump-clustered agglomerates as the current density varied from 2 to 9 mA/cm?. A
reduction in the grain size and an increase in the Cu content were observed with an
increase in the current density. The film with the finest dg at 5.3 nm was obtained when
current density = 6 mA/cm? was used. For the micro-compression tests, the specimens
used were micro-pillars with dimensions of 10x10x20 um?® fabricated from the
electroplated Au—Cu alloys. The highest yield stress at 1.15 GPa was achieved for the
Au—Cu alloy having d; = 5.3 nm and the Cu content of 30.3 at%. The ultra-high yield
stress was 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.

Chapter 4 Effects of the pulse current parameters on the alloy composition, grain
size, surface morphology, and micro-mechanical property of the Au—Cu alloys were
investigated. A wide copper concentration in the Au—Cu alloys ranging from 10.1 to 53.0
at% was obtained. An increase in the Cu concentration was observed by using either or
both of a high pulsed current density and a short current off-time. The smallest grain size
of ca. 4.40 nm was achieved in films having the Cu concentration ranged from 30.0 to

35.0 at%. Grain refinement was achieved with a high J,, and promoting the displacement
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reaction could also reduce the grain size. A high J, resulted roughening of the surface,
and enhancing the displacement reaction lead to a surface smoothening effect.
Deformation behavior of the Au—Cu micro-pillar was affected by the Cu concentration,
which brittle fraction was observed when the Cu concentration was higher than 38 at%.
An ultrahigh oy at 1.38 GPa was obtained in the micro-pillar having the Cu concentration
of 33.9 at% and the grain size of 4.68 nm, which is a result of synergistic effects of the

grain boundary strengthening and solid solution strengthening mechanisms.

Chapter 5 The microstructure of electrodeposited Au—Cu alloys with different
compositions were observed by STEM and HRTEM. The observed grain sizes in
AugsCuis and AussCuszz were 25.6 nm and 16.1 nm, respectively. Numerous growth twins
were observed in the as-electrodeposited Au—Cu alloys, which might be the main reason
to cause the underestimation of grain size in XRD evalution. The stress drop observed in
AuesCusz pillar 1s attributed to the deformation twining confirmed by HRTEM
measurement. Reduction of stacking fault energy is considered to promote initiation of

deformation twinning.
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