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Abstract

Electrodeposition is a very important technology in the fabrication of micro-compo‐
nents for micro-electro-mechanical systems (MEMS) or integrated circuits. Evalua‐
tions of the materials used in these devices as 3D components should be conducted
using micro-sized specimens due to the sample size effect on the practical use of the
components. Nanocrystalline metals could be deposited using an electrodeposition
method with supercritical CO2 emulsion. Our experiment on the micro-specimens
provides information on micro-mechanical testing of electrodeposited metals in‐
cluding the effect of sample size, grain size, and anisotropic structures on mechani‐
cal properties. In this chapter, recent studies on crystal growth in electrodeposition
of metals and its evaluation using micron-sized testing will be presented.

Keywords: Electrodeposition, metal, texture, microstructure, strength, micro-testing

1. Introduction

1.1. Microstructure of electrodeposited metal

Micro-electro-mechanical systems (MEMS) devises are usually fabricated using film deposi‐
tion process. Deposition of metallic film can be classified into two major categories, one is the
dry process and the other is the wet process. Dry process involves the use of gas or metallic
vapor for deposition or directly deposit metal atoms on the surface of a substrate by sputtering.
The process is simple, but the deposition rate is very slow, such as sub-nm to several nm in a
second [1, 2]. Thus, the deposition is limited to sub-μm-scale structures in industrial applica‐
tions and not favorable for fabrication of MEMS components that require structural support.

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



As one type of the wet process, electroplating has been used in the industrial fabrication of
MEMS and integrated circuit (IC) thanks to the fast deposition rate, low production cost, and
simple operation [3, 4].

In recent years, the miniaturization of MEMS and IC merges into a nano-scale regime, also
called nanotechnology. The component size or wire width of the structures reach several tens
of nanometers. In the filling of small gaps, some problems arise as schematically shown in
Figure 1. Since liquid solutions are used in the wet process, when the substrate is not covered
with the electrolyte or hydrogen gas, bubbles evolve in the reaction adsorbed on the substrate,
the area not having contact with the electrolyte would lead to formation of voids and pin-holes
[5]. To accomplish successful gap-filling, we have developed an electroplating method with
supercritical CO2 emulsion (EP-SCE) [6, 7]. In this system, micelles formed with surfactant
encapsulates supercritical CO2. These micelles randomly bounce on the surface of the cathode
and desorb evolved hydrogen bubbles. In reaction areas where the micelle is in contact,
deposition must be stopped and eventually resume with bulk concentration of electrolyte.
These features, which are called periodic plating characteristics (PPC) [8, 9], will contribute to
the gap or hole filling in EP-SCE and attained Cu filling of a hole 70 nm in diameter and 350
nm in depth as shown in Figure 2 [10, 11]. Results of the metal deposition using EP-SCE are
summarized in Table 1. On each metal deposition, electrolytes with the same base were used
while the EP-SCE contains additional surfactant and emulsified with supercritical CO2.

Figure 1. Failures found in filling of gaps with electrodeposition.
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Figure 2. Cross-sectional SEM images of (a) Hole test element group (TEG) with holes of 70 nm in diameter and aspect
ratio of 5, (b) expanded image of (a), and (c) TEG filled with Cu electroplated in EP-SCE with copper particles.

Plating
method

Properties Nickel [12, 13] Copper [14] Tin[15]

EP-SCE

Structures Equi-axial grains Equi-axial grains Equi-axial grains

Grain size 8 nm 100 nm 50 μm

Impurities 2 at% of carbon
0.1 at% of carbon near

substrate
Not detected by XPS

Preferred
orientation

No - -

CONV

Structures Columnar grains
Polycrystalline with high
density of twin boundary

Equi-axial grains

Grain size 4.4x0.8 μm 1 μm 60 μm

Impurities Trace
0.1 at% of carbon near

substrate
Oxygen as oxides

Preferred
orientation

<110> fiber texture - -

Table 1. Electrodeposited metals with EP-SCE and conventional (CONV) method
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1.2. Mechanical property of electrodeposited metal

Micro-sized components used in MEMS fabricated by electrodeposition need to be tested to
ensure device lifetime or tolerance to mechanical damage. MEMS are made up of components
below 100 μm in size. For example, MEMS-based accelerometers or gyroscopes are widely
used in cell phones, gaming consoles, and location-based devices. Some examples shown in
Figure 3 are optical switch (3a) and gyro sensor (3b). 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 property evaluation on
such materials, conventional indentation or wear test is insufficient. Moreover, when the
sample size comes to micro-scales, the classical physics are not always useful. Sample size
effect, which will be described in a later section, emerges. Thus, a micro-testing method with
a specimen whose sample size is in the same scales as the actual MEMS components is needed.

Figure 3. Examples of MEMS devises (a) optical switch and (b) gyro sensor.

1.3. Mechanical properties of small scale materials

The strength of metals has been shown to increase with decreasing sample size, known as
“smaller is stronger” and also referred to as size effect [16]. For example, thin film experiments,
including wafer curvature [17] bulge tests [18] and MEMS-based tests [19], have consistently
shown an increase of strength with decreasing sample size. The majority of research investi‐
gating the size effect of metals by means of the micro-testing technique has focused on single
crystalline metals [20, 21, 22, 23, 24, 25] and metallic grasses [26, 27, 28, 29]. Only limited data
exists for metals with microstructures. Rinaldi et al. [30] and Jang and Greer [31] have
investigated nickel nanocrystalline nano-pillars. However, their trends for strength as a
function of sample size show opposite trend: Jang and Greer observe a “smaller is weaker”
power-law dependence in nanocrystalline Ni; while Rinaldi et al. report very scattered results
with slight strengthening with decreasing sample size for 30 nm-grained nanocrystalline Ni.
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Thus, currently the experimental findings for sample size effect on nanocrystalline materials
are inconclusive, and there is much uncertainty with respect to the deformation mechanism
and combined effect of different size effects. Sample size effect on polycrystalline pillar has
great interest in industries owing to miniaturization of MEMS devices reaching to its compo‐
nent scales at sub-micro or nano regime.

2. Electrodeposited Nickel

2.1. Ni film in conventional electrodeposition

2.1.1. Microstructural development of Ni film

Crystal growth in conventional Ni electrodeposition is investigated using additive-free Watt’s
bath. The substrate was films of pure Cu annealed at 673 K for 1 hour in vacuum. Ni layers
with a thickness of about 25 μm were electrodeposited under agitation with magnetic stirring
bar.

Microstructure of film cross-sections were evaluated by a scanning electron microscope (SEM)
equipped with an electron backscatter diffraction pattern (EBSD) detector. The orientation map
shown in Figure 4a was overlaid with a grain boundary map where Σ3 boundaries were
colored yellow. The fraction of grain boundary was summarized in Figure 4b as low-angle
grain boundaries (LAGB) with misorientation between 2° and 15°, high-angle grain boundaries
(HAGB) with misorientation above 15°, and Σ3 boundaries. Fine columnar grains with
diameter of around 100–200 nm have grown toward the film surface as shown in Figure 4a.
Most of the grain boundaries dividing columnar grains are Σ3 boundaries, corresponding to
twin boundaries, although the stacking fault energy of Ni is relatively high [32]. High density
of twins, 42% among HAGB in this film, was also reported in various kinds of electrodeposited
metals [33, 34, 35].

Transmission electron microscopy (TEM) observations in the vicinity of the interface between
the electrodeposited Ni and Cu are shown in Figure 5 as bright field TEM image in 5a and
schematic illustration corresponding to the TEM image in 5b [12]. In the epitaxial region, only
about 100-nm thick contains high density of dislocations. Misfit strain of 2.5% due to the
difference in the lattice constants of Cu (3.615 nm) and Ni (3.524 nm) arises between the
electrodeposited Ni layer and Cu substrate. We consider that the observed dislocations were
introduced to accommodate this misfit strain. Since the orientation of the epitaxial region is
almost the same as that of the Cu substrate, an epitaxial region was formed to minimize the
interfacial energy between the electrodeposited Ni layer and Cu substrate. The misfit strain,
however, restricts the growth of the epitaxial region up to about 100 nm. Ahead of the epitaxial
regions, columnar grains without an orientation relationship with respect to the Cu substrate
form are shown in Figure 4. TEM image of the Ni film 1.4 μm away from interface is shown
in Figure 6. The thickness of the twin is about 10 nm, which is substantially narrower than the
twins observed in EBSD shown in Figure 6. From the TEM observation, these narrow twins
with a thickness of about 10 nm were frequently observed while they cannot be detected in
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EBSD. We suppose that the twins in the electrodeposited Ni layer formed during electrode‐
position reaction in the course of lateral movement of {111} facet shown in Figure 5a. Change
in stacking sequence occurred at {111} facet could turn into a nucleus of twin grain. Fujiwara
et al. [36, 37, 38] also proposed a similar model of twin formation parallel to the growth
direction during the melt growth of Si.

2.1.2. Evaluation of anisotropic columnar grains in electrodeposited Ni by micron-sized cantilever

Mechanical properties of Ni film electrodeposited in conventional Watt’s bath was evaluated
using micro-cantilever. Cantilevers were milled out of the Ni film using focused ion beam (FIB)
with different beam directions to investigate anisotropic mechanical properties. Micro-
bending test had been used to investigate size dependent effect [39], local mechanical prop‐
erties of lath martensite [40], and anisotropic fracture toughness of the NiAl single crystal [41].
In the cantilever specimen, deformation takes place at the fixed end on the tension at the upper
side and compression at the lower side. Therefore, site specific influence of structure on the
mechanical properties and deformation behavior can be examined.

Two cantilevers of 10 x 10 x 50 μm were fabricated with beams parallel and perpendicular to
growth direction. As shown in Figure 7, columnar grains are aligned to the growth direction
indicated in black arrow. The bending test had been carried out by indenting at the cross mark
on the beam that is 40 μm away from fixed end. Force displacement curve in Figure 8 shows
clear increase in the bending stress of the parallel cantilever. Maximum stress obtained was 2,
080 and 1, 582 MPa for the parallel and perpendicular cantilevers, respectively, with respect
to the growth direction [42].

Figure 4. (a) Cross-sectional orientation maps of electrodeposited Ni layer. Σ3 boundaries are indicated as yellow lines
in the figure. (b) Fractions of boundaries shown in (a) with different nature. Boundaries with misorientation between
2° and 15° classified as low-angle boundaries (LAGB) and misorientation angle above 15° are high-angle boundaries
(HAGB). Σ3 boundaries that are HAGB satisfy the Brandon criterion (Σ3).
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In the deformation of fcc metals in which the slip system is {111} <110>, dislocation easily glides
along the (111) twin plane. Ni film electrodeposited in conventional Watt’s bath had high
density of (111) coherent twin boundary parallel to growth direction. For the cantilever with
parallel columnar grains, dislocations can move away from the stress concentration area. On
the other hand, for the cantilever with perpendicular columnar grains, dislocations stop at the
neutral plane. Longer slide distance of dislocations means effective stress relaxation at the fixed
end, which enhances the apparent strength of the cantilever.

2.2. Ni film electrodeposited in supercritical CO2 emulsified electrolyte

2.2.1. Nano-structured grains in Ni electrodeposited in supercritical CO2 emulsified electrolyte

EP-SCE was conducted to deposit Ni on Cu substrate. Agitation with addition of surfactant,
polyoxyethylene lauryl ether (C12H25(OCH2CH2)15OH) enables an electrolyte and supercritical

Figure 5. (a) Bright field TEM images showing the cross-sectional microstructure near the interface between the elec‐
trodeposited Ni layer and Cu substrate and (b) schematic illustration of (a).
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CO2 to form emulsions with CO2-in-water (C/W) type micelles [43]. Additive-free Watt’s bath
was emulsified with CO2. Electrodepositions on Cu substrate were conducted at different
pressure of 6, 10, 15, 20 MPa including conventional electroplating (CONV).

The TEM bright field image shown inFigure 9is nickel film fabricated by EP-SCE at 15MPa
viewed from growth direction [13]. Figure 10 shows average grain size of the films fabricated
at different pressures based on measurement of around 100 grains in TEM. Equi-axial grains
were found in all samples viewed from the sample surface and cross section. Grain refinement
can be achieved by pulsed plating characteristics as stated by Chang et al., where the bouncing
micelles promote nucleation by inhibiting grain growth [9]. Density of the CO2 inside micelles
increases with the increase in pressure, especially near the transition point from gas to
supercritical phase. Change in density of the dispersed phase in emulsion will have an effect
on the micelle structure and dispersion conditions. Thus, the change in grain size by different
applied pressure was expected.

The impurity content of the film obtained from glow discharge optical emission spectroscopy
(GDOES) should be noted. The carbon content could contribute to the grain refinement, which
is shown in Table 2 including impurities of boron and oxygen. Comparing with CONV-plated
nickel with and without surfactant, some impurities derived from surfactants were detected.
However, in the emulsified state, surfactants consumed by the formation of micelles and the
number of surfactants adsorbed and involved in the film could decrease. Similar concentration
levels of oxygen among CONV- and EP-SCE-plated films imply surfactant extinction at the

Figure 6. Bright field TEM image showing the microstructure within the columnar grain at 1.4 μm away from the in‐
terface between the electrodeposited Ni layer and Cu substrate.
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surface when surfactants are mainly composed of carbon and oxygen. These results show that
carbon derives from CO2 dissolved in an electrolyte.

Deposited film
Concentration (at %)

Boron Carbon Oxygen

CONV without surfactant 0.000785 0.015 0.027

CONV with surfactant 0.00564 0.46 2.54

EP-SCE at 6MPa 0.000910 1.91 0.0220

EP-SCE at 10MPa 0.00114 2.43 0.0355

EP-SCE at 15MPa 0.00114 2.61 0.0305

EP-SCE at 20MPa 0.00102 2.17 0.0153

Table 2. Concentration of impurities in deposited film

Figure 7. FIB images of the cantilevers fabricated by FIB. Beam directions are (a) 0° and (b) 90° with respect to growth
direction indicated in black arrow.

Mechanical Property Evaluation of Electrodeposited Nanocrystalline Metals by Micro-testing
http://dx.doi.org/10.5772/61267

219



Codeposition of carbon in electrodeposition has been reported by Chung and Tsai in super‐
critical CO2 deposition [44] and Yamachika et al. using Au-Ni bath with citric acid [45],
indicating that carbon originates from CO2 and citric acid, respectively. Although carbon
dioxide is chemically stable, production of hydrocarbons from carbon dioxide had been
demonstrated in electrochemical reduction [46]. When the reduction of CO2 dissolved in
electrolyte occurred, carbon involved in the deposited nickel film results in Ni-C alloy
deposition. In alloy electrodeposition where the foreign elements are incorporated as intersti‐
tials, crystalline size decreased when composition of foreign elements increased [47]. The
alloying elements inhibit grain growth in the deposition process leading to the formation of
amorphous film [48, 49]. The EP-SCE nickel also showed decreased grain size with increasing
carbon content. Lattice constant observed in the X-ray diffraction (XRD) showed expansion
corresponding to 2% of the solute carbon. Supersaturation of carbon solute in nickel deposits,
where carbon can easily segregated on the grain boundary [50] and inhibit grain growth that
results in nanocrystalline Ni deposits.

2.2.2. Mechanical property of nanocrystalline Ni evaluated by micro-compression test

Mechanical properties of nanocrystalline EP-SCE nickel, including the effect of grain size and
sample size, were investigated using a micro-compression test. Non-tapered micro-pillars
were fabricated by FIB from the region analyzed by the EBSD technique. Sequences of pillar
fabrication are illustrated in Figure 11 with corresponding scanning ion microscope (SIM)
images. In the course of fabrication, we first made a pillar that has the thickness of thin plate
of around 100 μm and was shaped as shown in Figure 11a. Using irradiation of 45° from the
thin plate, we made a small pillar from the bigger one as shown in Figure 11b. The ion beam
from the side of the specimen allowed the fabrication of a pillar with uniform dimensions (non-

Figure 8. Load-displacement curve of the bending test. Specimen (a) and specimen (b) have beam directions of 0° and
90° with respect to growth direction, respectively.
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tapered, non-filleted). Finally, we milled each side of the pillar at a tilt angle of ±2.3° with 400
pA ion beam to minimize ion bombardment damage. A 20-μm square cross-section pillar
fabricated from nickel film plated in EP-SCE at different pressures was employed to investigate
grain size effect on plated nickel.

Micro-compression tests of nanocrystalline Ni with different grain size were conducted and
the deformed pillars were observed as shown in Figure 12. All the pillars were deformed by
broad shear banding crossing through top to bottom. However, the nickel film electrodepos‐
ited at 6 and 20 MPa, which has a larger grain size of 15 nm, had shown notable difference of

Figure 9. (a) Plan-view TEM bright field image of EP-SCE nickel and (b) grain size distribution from more than 500 of
grains observed in TEM.
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Figure 10. Grain size of the films electrodeposited at different pressures evaluated by TEM.

Figure 11. Procedures of making a compression pillar and SIM images showing the pillar after the procedure: (a) per‐
pendicular irradiation and (b) irradiation from 45° from the thin plate.
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bulging on the pillar surface as shown in Figure 12a and 12c. Micro-compression test results
are shown in Figure 13 as true stress–true plastic strain curves. No clear relationships were
found between deformation morphology and stress-strain behavior. Highest maximum stress
of 3, 500 MPa was observed in the film electrodeposited at 15 MPa, which had the smallest
grain size of 8 nm. The contribution on strengths of supersaturated carbon interstitials was
calculated based on Fleischer formulation [51]. A 7.9 MPa of strengthening responsible for 2
at% of interstitial carbon is negligible compared to 3.5 GPa of maximum stress. The high
strength in EP-SCE nickel could be due to a suppressed Hall-Petch breakdown. The strength
of nanocrystalline Ni with grain size of 8 nm is on the extrapolated Hall-Petch slope from nickel
alloy as shown in Figure 14. One-third of hardness values of pure nickel [52, 53, 54] and Ni-W
alloy [55] are included in the Hall-Petch plot assuming Tabor relation [56] as well as 0.2% yield
stress in the present micro-compression test. The suppression of Hall-Petch breakdown is
consistent with a literature reported by Schuh et al., the hardness of Ni-W alloy has fallen at
8–9 nm and suggested that the alloying with tungsten has suppressed the Hall-Petch break‐
down [55]. They concluded that the slow diffusion of tungsten in nickel increase required stress
for activation of Coble creep and grain boundary sliding. Present electrodeposited nickel have
2.6 at% of carbon impurities and 2.0 at% of interstitial carbon, and the rest of the carbon could
be segregated at the grain boundaries. Contrary to the tungsten in nickel, carbon has very high
diffusivities in nickel via interstitial site diffusion. Yin et al. reported an effect of interstitials
on creep deformation via Coble creep and grain boundary sliding [57]. On that literature,
interstitially dissolved atoms are reported to effectively enhance creep resistance. Hall-Petch
breakdown represents a transition of deformation mechanism from dislocation-mediated to
grain-boundary-mediated. Thus, if the grain boundaries are reinforced by impurities, dislo‐
cation motion dominates the deformation at much smaller grain size and results in suppressed
Hall-Petch breakdown [58].

Figure 15 displays the stress strain curves of pillars with sample size ranging from 5 μm to 30
μm prepared from single crystal and nanocrystalline Ni [59]. Due to multiple slip glides across
the pillar or toward the base, large work hardening was observed in single crystal pillar
compression. This result is similar to the compression of <111> oriented nickel pillar by Frick
et al [20]. They observed dislocation lines throughout the pillar and base of the pillar, which
indicates dislocation interaction by multiple slip and accumulation of dislocation at the pillar
base. Thus, the stress needs to activate dislocation source inside the pillar increased with
increasing strain. The following softening is believed to be a result of macroscopic shear by
the activation of different slip systems due to increased stress. The deformation mechanism of
nanocrystalline metal is believed to be a grain boundary process, such as grain boundary
sliding or grain rotation. Considering the deformation mechanism, activation of dislocation
source, which believed to be a possible explanation of size-dependent strength [16], did not
play a main role in plastic deformation of nanocrystalline materials. Thus, the sample size
effect on electrodeposited nanocrystalline Ni was not expected. However, the micro-compres‐
sion test shows obvious increase in both yield stress and flow stress with decreasing sample
size from 20 μm to 5 μm.
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The stress as a function of pillar diameter for single crystal and nanocrystalline Ni was shown
in Figure 16 [59]. The scaling exponent of 0.25 for the peak stress of single crystal Ni is small
compared to 0.64 observed by Dimiduk et al. using non-tapered single crystal Ni (269) [21].
This can be explained by the change in dislocation mechanisms inside the pillars since different
loading directions were taken. Relatively large sample sizes and multiple slips in the present
work provide dislocation pile-ups and interaction of dislocation results in more dislocations
inside the pillar that hinders sample size effect; note that the strength taken as a peak stress in
stress strain curve is due to the uncertainty of yield point. For nanocrystalline Ni, which
believed to deform without dislocation activation, the scaling exponent of 0.057 was observed.
Although the exponent is quite low, strength obviously increased from 3.6 GPa to 4.1 GPa in
30 to 5 μm pillars. Reports on size effect of nanocrystalline materials are very limited and still
controversial. Rinaldi et al. found increased strengths with the decreasing diameter of pillars
from 270 to 160 nm in diameter-fabricated from nanocrystalline nickel with 30 nm of grain size
[30]. On the contrary, Jang and Greer demonstrated size-induced weakening in 60 nm grained
nickel nanopillars with a diameter between 3, 000 nm and 100 nm [31]. This contradiction can

Figure 12. SEM images of the deformed pillars (a) 6 MPa, (b) 10 MPa, (c) 15 MPa, and (d) 20 MPa.

Electroplating of Nanostructures224



be explained based on the deformation mechanisms. Jang observed a transition of deformation
mechanisms from dislocation-mediated to grain-boundary-mediated, while grain-boundary-
mediated deformation supposedly dominated in the present work. Grain boundary sliding is
reported to involve several grains in formation of micro-shear band along the grain bounda‐
ries. Sums of these shear band formation will cause macroscopic yield in the present micro-
compression test. Microscopic strains can generate on the large area of grain boundaries, which

Figure 13. True stress–true plastic strain curves of a micro-pillar from films electrodeposited at different pressures.

Figure 14. Hall-Petch plot representing 0.2% yield stress as well as one-third of hardness value found in literature.
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lies on the same plane with larger shear strain. This corrective motion of grain boundaries has
been known as cooperative grain boundary sliding (CGBS) [60]. Zerin and Mukherjee observed
bimodal distribution of sliding offset length on each CGBS event, which indicates breaking up
of large sliding grain block into small grain blocks by secondary CGBS operation. This is
observed with increase of strain, i.e., work hardening. CGBS events could initiate from the flat
segment of grain boundaries and the number of these segments decreased when the sample
size becomes smaller. Larger samples have segments of grain boundaries with longer distance
to sliding direction and can deform with smaller stress. This is in good agreement with the
change in exponent with increased strain, where large grain blocks in large samples can break
up while small samples deform by CGBS with small grain blocks.

Figure 16. Strengths in micro-compression, peak stress for single crystal Ni, 1% flow stress, and 0.2% offset stress for
nanocrystalline Ni are shown in a double-logarithmic graph. Solid lines represent power law fittings and each expo‐
nent is shown on the right.

Figure 15. Engineering stress-strain curves for micro-compression of (a) single crystal Ni pillar and (b) nanocrystalline
Ni pillars with different pillar sizes.
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3. Electrodeposited copper

3.1. Cu film electrodeposited in conventional electrolyte

3.1.1. Microstructure and self-annealing of Cu

Cu films were electrodeposited on Cu substrate in sulfate bath with and without additives.
Current density of 2A/dm2 and 10 A/dm2 were used to deposit around 20 μm of Cu film.
Investigation on microstructure of the electrodeposited Cu film was conducted immediately
after the electroplating process and continued until self-annealing was observed. Cross-section
EBSD was employed to measure grain size.

Figure 17. Cross-sectional EBSD maps for sample normal direction of self-annealed plated Cu films on Cu substrate at
current density 100 mA/cm2 (a) after 24 hours of incubation, (b) after 140 days of incubation, and (c) after 250 days of
incubation. Dashed line indicates the interface.
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Cross-sectional orientation maps obtained from EBSD analysis on Cu film deposited without
additives are shown in Figure 17 [35]. Initial grain size was measured as 330 nm and enlarged
to 860 nm after 250 days of incubation in vacuum. On the other hand, Cu film deposited with
additives had large grain size near 1μm, which is obviously different from one of the Cu film
that was as-deposited without additives and more similar to the film after self-annealing. The
Cu film electrodeposited with additives may had been self-annealed soon after electrodepo‐
sition before characterization of structures. Many factors influence self-annealing, such as film
thickness, incorporated impurities, and initial crystal structures [61, 62, 63]. Additives are
usually used to smoothen the film and are known to refine initial grains while inhibiting grain
growth during electroplating. Although the incorporated impurity inhibits recrystallization
and slow down self-annealing, the significantly decreased grain size accelerates it and may
have results in self-annealing within sample preparation for structure observation. Stangl et
al. reported the effect of additives where the addition of a slight amount of additives cause
nearly 8 times faster recrystallization at room temperature [61].

Table 3 shows the change in the fraction of grain boundaries with incubation time. All self-
annealed microstructures in the electroplated Cu film contained a relatively high fraction of
HAGB. Fraction of HAGB in the electroplated Cu film gradually decreased with the increase
in incubation time. The increase in grain size results in decreased grain boundary area of
HAGB, with lower boundary free energy in the materials. Therefore, the driving force of self-
annealing of the electroplated Cu film at room temperature is boundary free energy of the high
fraction of HAGB. This suggestion about driving force is supported by many researchers [62,
64]. In addition, the fraction of twin boundaries is increased by incubation time as shown in
Table 3. Figure 18 shows the recrystallized area of Cu film after 140 days of incubation.
Orientation of the individual grains are shown in Figure 18b as {110} pole figure with (111)
plane, the sharing in each grain are marked with the dashed line. Grain A–E sharing (111)
plane with each other, such as A/B, B/D, D/E, and B/C. Moreover, geometries of the twin plane
and (111) plane seem identical, i.e., angles of grain boundaries between A and B, and D and E
are close to the angles of (111) plane in the pole figure, which indicates these twin planes are
coherent twin boundaries. The twin boundary, especially the coherent twin boundary has
extremely low boundary free energy compared to HAGBs [64]. Practically, the fraction of
HAGBs was found to decrease as self-annealing proceeds. Therefore, we suggest that the self-
annealing was affected by the high fraction of HAGBs in the initial structure of the electro‐
plated Cu film.

Incubation time
Fraction (%)

LAGB HAGB ∑3 (twin)

24 hours 9.60 90.40 25.52

140 days 17.18 82.82 29.68

250 days 37.46 62.54 29.22

Table 3. Fractions of grain boundaries
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Figure 18. (a) Enlarged view of the cross-sectional EBSD map of plated Cu film after 140 days of incubation, and A to E
in the map are equal to each grains. The yellow line shows twin boundaries. (b) {110} pole figures corresponding to the
grain of A to E and the dashed line indicates the (111) plane.

3.1.2. Mechanical property of Cu electrodeposited in conventional electrolyte

The non-tapered micro-pillar was fabricated to evaluate mechanical properties and size effects
of electrodeposited Cu films. The reduction in the number of grains within the sample may
alter the mechanical properties of materials, which is one of the size effects [65]. In order to
discuss the size effect, Cu films were electrodeposited using various current densities to change
grain size whereas the size of all pillars is constant.

Table 4 shows average grain size, where measurement and calculation were made from more
than 500 of grains observed in EBSD [66]. Grain boundary maps obtained from EBSD are shown
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in Figure 19. Grain size of the electrodeposited Cu film was smaller when higher current
density was used. Square pillars with 20 μm on a side were fabricated using FIB from each
deposited film. Compression test results are shown in Figure 20. The strength of the pillar
increased with decreasing grain size corresponding to the well-known Hall-Petch relationship
[67, 68]. Slight difference in flow stress in the compression test of two pillars plated at 0.5
A/dm2 might be caused by the specimen size effect stated by Armstrong [69]. When the ratio
between the specimen size (S) and average grain size (G), shown as:

Specimen SizeS
G Grain Size
=

is small, deformations of the specimen depends on the individual grain in the sample. In
extreme conditions, for a single crystal specimen where S/G ratio below one, yield stress is
determined by the orientation of the single crystal. When the number of grains within the
specimen becomes lower, it means smaller S/G ratio; the effect of orientation for each grain in
deformation behavior become stronger. The S/G ratio of pillars of 0.5 A/dm2 is smaller than
pillars of 5.0 A/dm2 or 2.0 A/dm2 as shown in Table 4. Therefore, the deviation of flow curve
in the compression test with the pillars with S/G ratio is smaller than 25 affected crystallo‐
graphic orientations.

Figure 19. Grain boundary maps of electrodeposited Cu films. Cu film electrodeposited (a) at 0.5 A/dm2, (b) at 2.0
A/dm2, and (c) at 5.0 A/dm2.

Figure 20. True stress–true plastic strain curves of the Cu pillars electrodeposited. Cu electrodeposited (a) at 0.5 A/dm2,
(b) at 2.0 A/dm2, and (c): at 5.0 A/dm2.
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Current density [A/dm2] Grain Size [μm] S/G ratio Yield strength (0.2% offset) [MPa]

0.5 0.93 21.5 276

2.0 0.78 25.6 309

5.0 0.64 31.3 330

Table 4. Grain size, S/G ratio, and yield strength of the Cu pillars

3.2. Cu electrodeposited in supercritical CO2 emulsified electrolyte

3.2.1. Nanostructure of electrodeposited Cu

Cu electrodeposition using EP-SCE with Watt’s bath was conducted. Same high pressure
apparatus in Ni deposition was used to deposit 10 μm of Cu film on Cu substrate. Figure 21
shows FIB images of deposited film [14]. Grain size of as-deposited Cu was significantly refined
to 100 nm compared to CONV Cu. The cause of grain refinement could be corresponded to
the one observed in Ni deposition. However, elemental analysis reveals very low level of
impurities incorporated in the Cu film. Carbon impurity inside Cu film deposited in EP-SCE
and CONV observed in GDOES is shown in Figure 22. Similar carbon distribution observed
in CONV and EP-SCE Cu film indicates that the carbon impurity derives from an identical
source. In both electrolytes, additives such as suppresser, accelerator, and leveler were used.
These additives are adsorbed at the substrate and involved into the film during electroplating
reaction. Thus, the CO2 dissolved in the electrolyte used in EP-SCE had not reduced to carbon,
which is different from Ni electrodeposition. More importantly, EP-SCE Cu showed significant
microstructure evolution at room temperature as shown in Figure 21. Grain size of the film
increased to 1 μm after two months of storage in a vacuum at room temperature. This is
correspondent with self-annealing observed in Cu film deposited in conventional electroplat‐
ing. Orientation maps shown in Figure 23 overlaid with HAGB and twin boundary in black
and yellow lines. Structure change accompanied with the evolution of twin boundary was
correspondingly observed with the one in the CONV Cu. High fraction of twin boundary, 70%
of HAGB, should be the result of lowering boundary free energy in the process of self-
annealing as discussed in Chapter 3.1.1.

3.2.2. Mechanical properties of nano-crystalline Cu electrodeposited in supercritical CO2 emulsified
electrolyte by micron-sized pillar

Mechanical properties of Cu before and after self-annealing was evaluated using micron-sized
pillar fabricated using FIB. Figure 24 shows true stress-strain curve of Cu pillars fabricated
from the films of as-deposited and two months after EP-SCE, including the results of CONV
Cu [14]. A significant difference is observed in the mechanical strength among as-deposited
EP-SCE and CONV. Engineering stress of the as-deposited EP-SCE pillar was about 300 MPa
higher than the CONV pillar. And strength decreased by self-annealing to the same level of
the CONV pillar. Deformation behavior is very similar in both self-annealed EP-SCE pillar and
CONV pillar, in agreement to the identical microstructure observed. There is linear work
hardening regime in the compression test of the CONV pillar and self-annealed EP-SCE pillar,
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but is not observed in the compression test of as-deposited EP-SCE pillar. Figure 25 shows the
SEM image of pillars after the compressive deformation. In the Cu pillar of CONV, many slip
traces can be observed on the surface of the individual grains. Therefore, the deformations can
be assumed to occur as dislocation activation inside grains. On the contrary, sharp shear band
crossing through the pillar is observed in the as-deposited EP-SCE pillar, which explains no
linear hardening in compressive deformation. SEM images from different sides indicated the
shear sliding of the pillar top. Decrease in the cross-sectional area is followed by shear
localization responsible for the work softening behavior in micro-compression of as-deposited
EP-SCE. This is because the dislocation storage is strikingly limited by grain refinement when
the grain size is in sub-micron meter regime.

Figure 21. FIB images of Cu film obtained by EP-SCE (2.0 A/dm2 for 120 min) (a) as electroplating (b) after two months.

Figure 22. Carbon impurity concentrations in the copper film fabricated by (a) EP-SCE and (b) CONV observed using
GDOES.

Electroplating of Nanostructures232



Figure 24. Engineering stress-strain curves in micro-compressions of pillars fabricated from as deposited EP-SCE cop‐
per film two months after deposition of EP-SCE copper film and CONV copper film.

Figure 23. Orientation maps obtained from EP-SCE Cu after two months of storage. Grain boundaries of HAGB and
twin boundaries are overlaid in black and yellow lines.
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Figure 25. SEM images of post-deformed copper pillar of (a) as-deposited EP-SCE, (b) two months after EP-SCE, and
(c) CONV.

Besides limited work hardening, yield stress was increased in the as-deposited EP-SCE pillar
compared to self-annealed EP-SCE and CONV pillar. The main reason of strengthening is
considered to be grain refinement strengthening. It is widely accepted that grain refinement
strengthening is explained as a shortage of dislocation pile-up length due to the decreased
distance between grain boundaries. This strengthening contribution was formulated by Hall
and Petch and is known as Hall-Petch relationship [67, 68]:

1
2

0s s
-

= + kd
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where σ, σ0, and k are yield strength, friction stress, and the constant for the material, respec‐
tively. We calculated the increase in yield strength with decreased grain size from 1.0 to 0.1
μm using the equation. When we refer constant k (MPa⋅m0.5) as 0.14 in previous report on
copper [70], the calculated increase in strength was about 300 MPa. This is in good agreement
with experimental results of this study. Hence, Cu pillar of as-deposited EP-SCE can be
explained only by grain refinement of EP-SCE. Considering the results of GDOES, grain
boundary strengthening should be the main factor contributing to the increase of mechanical
strength.

4. Conclusions

This chapter describes recent progress in electroplating of micro/nano structures and the
evaluation of mechanical properties by micro-testing technique in our group.

Nanocrystalline metals were successfully fabricated using electrodepositon with supercritical
CO2 emulsion. Bouncing micelles desorb hydrogen bubbles and accelerate nucleation by
hindering grain growth results in nanocrystalline deposition without defects. Very high
strength found in nickel nanocrystals are corresponded to the co-deposited carbon from CO2.
Micro-compression test demonstrated the feasibility for MEMS devices owing to the high
strength of nickel. Follow-up micro-testing are also reviewed in this chapter.

Columnar structures of CONV Ni had shown anisotropic mechanical property in micro-
cantilever bending. Geometrics of the grains alter the movement of dislocations, resulting in
direction-dependent strength of electrodeposited nickel.

Micro-compressions in Cu and Ni revealed size-dependent strength. Materials with S/G ratio
smaller than 25 may involve large deviation in mechanical strength. Although in nanocrys‐
talline metals with large S/G ratio tested, increasing strength with decreasing sample size was
observed in nickel. This may have corresponded to the CGBS involved in plastic deformation,
but further work is needed to explain the detailed mechanisms.
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