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Abstract: Electroplating nanocrystallite Ni coating can improve the mechanical properties of the
metal structure surface, which is widely used in fabricating metal MEMS devices. Because of the
large internal compressive stress caused by the oxidation layer of the substrate surface, the Ni coating
easily falls off from the substrate surface. To solve this bonding problem, the ultrasonic assisted
electrochemical potential activation method was applied. The ultrasonic experiments have been
carried out. The bonding strength was measured by the indentation method. The substrate surface
oxygen element was tested by the X-ray photoelectron spectroscopy (XPS) method. The dislocation
was observed by the TEM method. The compressive stress was tested by the XRD method. The
coating surface roughness Ra was investigated by the contact profilometer method. The results
indicated that the ultrasonic activation method can remove the oxygen content of the substrate
surface and reduce the dislocation density of the electroplating Ni coating. Then, the compressive
stress of the electroplated Ni coating has been reduced and the bonding strength has been im-
proved. From the viewpoint of the compressive stress caused by the oxygen element of the substrate
surface, mechanisms of the ultrasonic activation method to improve the bonding strength were re-
searched originally. This work may contribute to enhancing the interfacial bonding strength of metal
MEMS devices.

Keywords: bonding strength; electroplating; ultrasonic; compressive stress; MEMS

1. Introduction

In the MEMS field, the special functional coating can change the mechanical properties
of the metal structure surface and prolong the service life of MEMS metal
devices [1–3]. The technology to fabricate MEMS metal devices includes magnetron sput-
tering, micro electric spark, plasma depositing and electrodeposited technologies [4–6].
Among them, the electrodeposited technology has the characteristics of low cost and
industrial production convenience. It has been widely used to fabricate metal MEMS
devices [7–9]. The electroplated Ni coating on carbon fiber can enhance the shielding effect
of the sensor, which has the potential application of the MEMS pressure sensor [10]. To
solve the short contact time, the electroplated Ni coating was applied to fabricate a novel
inertial friction switch [11]. Under deep sea surroundings, the electroplated Ni coating was
used to restore the wear shaft sleeve of the micro electric motor [12]. However, because
of the big compressive stress caused by the oxidation layer of the substrate surface, the
electroplated Ni coating may separate from the metal substrate surface. The poor bonding
strength problem may happen. This problem will limit the production quality of the MEMS
metal devices. It should be handled urgently.

In order to improve the bonding strength, intensive studies have been done. Those
methods can be identified as three types: the substrate pretreatment method [13], the
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electroplating adjustment method [14] and the post process method [15]. The post process
treatment can release the internal stress concentration area of the coating. It has good
effects to improve the bonding strength [16]. However, the debonding of the electroplating
coating may happen during the electrodeposited process. For the substrate pretreatment,
the oxidation layer of the substrate surface can be removed by the polishing process.
Then, the epitaxial growth of the metal atoms on the exposed lattice substrate surface will
become more favorable, although the substrate pretreatment cannot prevent the secondary
passivation of the substrate surface in the air. The internal stress problem caused by
the oxidation layer of the substrate surface still exists. By optimizing the electroplating
environment, the electroplating adjustment method can improve the growth state of the
crystal and inhibit the generation of crystal defects. The electroplating adjustment method
includes the auxiliary complexing agent method [17], the small current density method [18]
and the ultrasonic assisted electrodeposition method [19]. The auxiliary complexing agent
method can activate the substrate surface and promote bonding strength. Nevertheless,
this method may affect the precipitation potential of hydrogen elements and reduce the
effect of the substrate activation. Moreover, the auxiliary complexing agents may pollute
the environment. In order to avoid those above problems, the small current density method
has been applied. This method may promote the potential activation process and improve
the bonding strength. However, the small initial current density will lead to less hydrogen
precipitation and weaken the activation reaction. The substrate still can not be fully
activated. During the electrodeposition process, the ultrasonic electrodeposition method
can enlarge the crystallite size [20], increase the real surface area [21] and homogenize the
composite particles [22]. Thus, the bonding strength will be improved. The ultrasonic
electrodeposition method can only improve the quality of the electrodeposition coating,
and cannot remove the existing oxidation layer on the substrate surface. In our previous
work, from the issue of the oxygen content, the effects of the ultrasonic electrochemical
potential activation method on adhesion have been researched [23]. However, from the
view of the internal stress caused by the oxidation layer of the substrate surface, few studies
have ever investigated the effects of the ultrasonic electrochemical potential activation
method on bonding strength. Therefore, in order to improve the bonding strength, the
purpose of this paper is to explore the mechanisms of the ultrasonic activation method on
reducing the internal compressive stress originally caused by the oxidation layer of the
substrate surface.

In this study, by reducing the internal compressive stress caused by the oxidation
layer of the substrate surface, the effects of the ultrasonic activation method on the bonding
strength have been researched. The bonding strength was measured by the indentation
method. The oxygen content was tested by the XPS technique. The compressive stress and
the dislocation density were tested by the XRD method. The dislocation was observed by
the TEM method. The mechanisms of the ultrasonic activation method on enhancing the
bonding strength were researched further. This work may contribute to improving the
bonding strength in MEMS.

2. Experimental Process

The electroplating experiments were designed to two groups. The ultrasonic param-
eter of the one group is as follows: the ultrasonic power is 0 w, 100 w or 200 w and the
ultrasonic frequency is 80 kHz. The ultrasonic parameter of the other group is as fol-
lows: the ultrasonic frequency is 80 kHz, 120 kHz or 200 kHz and the ultrasonic power is
200 W. The chronopotentiometric method was applied for 200 s under one electrochemical
station (CS300H, Corrtest Instrument Co., Ltd., Wuhan, China). The working electrode
was Cu pure copper plate. The counter electrode was one platinum plate. The refer-
ence electrode was one saturated calomel electrode. The activation current density was
0.5 A/dm2. The activation time was 5 min. The bath pH was maintained around 4.0 and
the temperature was 50 ◦C. The composition of the bath was H3BO3 (35 g/L), wetting
agent (0.1 g/L), NiCl2 (10 g/L) and Ni(NH2SO3)2·4H2O (550 g/L). After the ultrasonic



Micromachines 2023, 14, 34 3 of 12

activation, the electroplating experiments were applied. The current density was 1 A/dm2

and the electroplating time was 5 min. Then, the oxygen content of the substrate surface
was measured by deep etching and XPS technology. Figure 1 shows the schematic of the
deep etching microstructures: Figure 1a is the elevation view; Figure 1b is the top view.
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Figure 1. Schematic of the deep etching method: (a) elevation view; (b) top view.

The XPS measurement was performed using an X-ray photoelectron spectrometer
(Thermo Fisher Scientific K-Alpha, Shanghai, China) with a monochromatic Al KαX-
ray source operated at 15 kV and 10 mA. All the binding energy values were corrected
regarding C1s = 284.8 eV. According to the changing trend of the oxygen content along
the vertical direction, the oxygen content of the substrate surface can be determined. The
compressive stress was tested by the side incline diffraction method. As we all know,
the XRD peaks at diffraction angles larger than 100◦ should be used to reach satisfactory
precision when measuring the internal stress by the sin2 ψ technique. In the experiments,
the Ni(311) diffraction angle of the electroplating Ni coating is about 92.9◦ that may meet
the requirement. However, the counts of the Ni(311) are too weak to reach satisfactory
precision. Therefore, the Ni(111) was selected to measure the internal stress. In other studies,
the Ni(111) angle was selected to measure the internal stress [19].Taking the sin2 ψ as the
horizontal coordinate and taking 2θ under different ψ angles as the vertical coordinate,
using the least square method to get the slope of the M, the internal stress can be calculated.
The equations are as follows [19]:

σ = k·M (1)

M =
∂(2θ)

∂(sin2 ψ)
(2)

where σ is the internal stress, k is the constant and M is the varying slope of 2θ to the sin2 ψ.
The micro distortion of the electroplating coating was tested by the XRD method. Then, the
dislocation density can be calculated [20]:

ρ =
kε2

Fb2 (3)

where ρ is the dislocation density, k is the face centered cubic metal constant 16.1, ε is the
micro distortion, F is 1 and b is the burger vector. The bonding strength was tested by the
indentation method. The peeling force was used to characterize the bonding strength [24].

3. Results and Discussion
3.1. The Effects of the Oxygen Content on the Internal Compressive Stress

The chronopotentiometric method has been applied to investigate the effects of the
ultrasonic activation on the oxygen content of the Cu substrate surface. The chronopoten-
tiometric curves are shown in Figure 2.
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Figure 2a shows the influence of the ultrasonic power on the cathode potential. The
deposition potentials of the metal ions are −0.83 V, −0.86 V and −0.92 V corresponding to
the ultrasonic power of 0 W, 100 W and 200 W, respectively. The deposition potential of
the metal ions becomes larger with the increase in ultrasonic power. Figure 2b shows that
when the ultrasonic frequency is 200 kHz, 100 kHz and 80 kHz, the deposition potential
of the metal ions is −0.72 V, −0.76 V and−0.87 V, respectively. The metal ion deposition
potential becomes larger when the ultrasonic frequency decreased. This phenomenon may
be caused by the ultrasonic fluid micro jet and the ultrasonic cavitation. The effects of the
ultrasonic activation reaction mainly include two aspects [25]. Firstly, the region between
the Ni ions deposited potential and the hydrogen evolution potential can be enlarged by
the ultrasonic activation. Secondly, the potential activation reaction time can be prolonged
by the ultrasonic activation. In the process of the activation reaction, the Cu substrate
surface has not reached the stable electrode reaction state. At this point, the precipitated
hydrogen element can restore the substrate surface oxidation layer. The ultrasonic process
will accelerate the diffusion of H+ ions in the substrate, resulting in more residual acid in
the Cu substrate. This indicates that a greater H+ ion concentration has been formed at the
substrate surface. Then, the oxide layer on the Cu substrate surface can be restored by the
H element more effectively. The electrochemical potential activation reaction is as follows:

H + H + CuO→ Cu + H2O (4)

The oxygen content of the substrate surface can be identified by the XPS analysis. The
element content from the electroplating coating to the substrate surface can be acquired in
Figure 3. Then, the oxygen content of the substrate surface can be identified.

Figure 3 shows that the Ni content remains constant at the beginning. Then the Ni
content decreases rapidly along with the increasing etching time. Further, the Ni content
drops to disappearance when the etching crosses the interface region. Compared with the Ni,
the Cu content is zero at the beginning of the etching. As the etching process proceeds, the Cu
content increases. Finally, the Cu content is equal to 100%. Taking the element contents into
consideration, the Ni content and the Cu content are evenly split at the interface [26]. Figure 4
presents the XPS spectra of the Ni and O at the interface (80 kHz, 100 W).

Figure 4 shows that the binding energy of the Ni2p is 856.08 eV and the binding energy
of the O1s is 532 eV. The binding energy of the Cu2p without ultrasonic activation and with
ultrasonic activation is shown in Figure 5.

Figure 5a shows that copper surface with ultrasonic activation presents two states.
Firstly, the metallic Cu0 state corresponds to the binding energy of ~932 eV. Secondly, the
metallic oxide CuO state corresponds to the binding energy of ~935 eV. That could mean that
with ultrasonic activation copper substrate surface was not completely covered with oxide.
In other words, the oxide film of the Cu substrate was restored by the ultrasonic activation
effects. Comparing with the ultrasonic activation condition in Figure 5a, Figure 5b shows
that the one without the ultrasonic activation was only in the oxidized state. Based on the
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XPS spectrum, the value of the oxygen content of the substrate surface can be acquired. The
experimental values of the substrate surface oxygen content are shown in Tables 1 and 2.
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Table 1. Results of the oxygen content, the internal stress, the dislocation density and the bonding
strength under different ultrasound powers.

Ultrasonic Power (W) Oxygen Content (At%) Dislocation Density (105/m2) Internal Stress (MPa) Bonding Strength (gf)

0 19.8 9.37 −384 265
100 11.7 7.86 −320 374
200 8.5 4.83 −234 426

Table 2. Results of the oxygen content, the internal stress, the dislocation density and the bonding
strength under different ultrasound frequencies.

Ultrasonic Frequency (kHz) Oxygen Content (At%) Dislocation Density (105/m2) Internal Stress (MPa) Bonding Strength (gf)

80 8.2 3.6 −277 459
120 12.3 7.62 −335 381
200 16.6 10.67 −424 293

Figure 6a shows the Ni(111) XRD pattern corresponding to the various ψ. Figure 6b
shows the slope of the M. Based on Equation (1), the value of the compressive stress can be
acquired that is shown in Tables 1 and 2.
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Figure 7 shows the XRD pattern of the electroplated Ni coating. According to the XRD
pattern of the electroplating Ni coating, the value of the dislocation density can be acquired.
The dislocation density of the electroplating coating is listed in Tables 1 and 2.

The influences of the ultrasonic activation on the oxygen content of the substrate
surface are shown in Figure 8. Figure 8a shows that the oxygen content on the substrate
surface is 19.8% when the ultrasonic power is 0 W. With the increase in the ultrasonic
power, the oxygen content on the substrate surface decreased. The oxygen content is 8.5%
when the ultrasonic power is 200 W. The oxygen content is reduced by 57% compared with
the 0 W condition. Figure 8b shows the changing trend of the oxygen content following
with the changing trend in the ultrasonic frequency. With the increase in the ultrasonic
frequency, the oxygen content increased. The oxygen content is 16.8% under the 200 kHz
condition; the oxygen content is 8.2% under the 80 kHz condition. The oxygen content is
reduced by 51%. Therefore, the oxygen content on the substrate surface can be reduced by
the ultrasonic activation efficiently.
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Simultaneously, the substrate surface influences the internal compressive stress of the
electroplated Ni coating. The internal compressive stress of the electroplated Ni coating
can be generated by the substrate surface oxidation layer [27,28]. Owing to the large lattice
mismatch between the CuO layer and the electroplated Ni coating, the compressive stress
of the electroplated Ni coating is mainly caused by the epitaxial stress in the initially formed
Ni islands. During the Ni metal ion deposition process, the lateral growth is faster than
the embedding growth. Then, the big internal compressive stress can be induced from the
large expansion along the x direction. According to the misfit dislocation strain model, the
strain of the electroplated Ni coating along the x direction is as follows [29]:

εxx = − b2ζy
2π

[
b2x2 + (2a− 1)a2ζ2y2

(b2x2 + a2ζ2y2)2 ] (5)

where εxx is the strain along the x direction, b is the Burgers vector, ς is the half width of
the misfit dislocation core, y and x are the rectangular coordinates centered on the position
of the dislocation core and a is the variable factor that makes the dislocation width variable.
According to Equation (5), as the Ni coating grows, the volume expansion strain along the x
direction will increase progressively. Since the lateral growth of the Ni coating is faster than
the vertical direction, the compressive stress resulting from the strain along the x direction
increases gradually. As a result, the large compressive stress of the electroplated Ni coating
will be formed.
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Figure 8a shows that the compressive stress is −384 MPa under the ultrasonic power
of 0 W, and the compressive stress is −234 MPa under the ultrasonic power of 200 W. The
compressive stress under (200 W, 80 kHz) is reduced by 39% compared with the one under
the 0 W condition. As the ultrasonic power increases, the oxygen content becomes small.
Eventually, the compressive stress decreases. Figure 8b shows that the compressive stress
under the 200 kHz is −424 MPa and the one under the 80 kHz is −277 MPa. The oxygen
content and the compressive stress are lower under the 80 kHz condition. Therefore, the
restoring oxidation layer on the substrate surface can reduce the compressive stress of the
electroplated Ni coating.

3.2. The Effects of the Compressive Stress on the Bonding Strength

Owing to the ultrasonic activation effect, the oxidation layer on the substrate surface
has been activated. The exposed new Cu substrate surface lattice makes the nucleation
of the Ni more favorable. Then, the dislocation density of the Ni electroplate coating will
be reduced. Figure 9 shows the influence of the ultrasonic activation on the dislocation
density of the electroplate coating.
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Figure 9a shows that the dislocation density decreased along with the increase of the
ultrasonic power. Figure 9b shows that the dislocation density decreased along with the
decrease of the ultrasonic frequency. The misfit strain model may reveal the effect of the
dislocation on the compressive stress [30]:

σ = 2Gu/π(1− v)L (6)

where σ is the compressive stress, G is the elastic modulus, u is the mutual displacement
of the crystallite playing the role of the Burgers vector of dislocation type defects, v is the
Poisson’s ratio and L is the crystallite size.

As can be seen from Figure 9, the changing trends of the compressive stress and
the dislocation density are consistent with Equation (6).The dislocation structures of the
Ni electroplated coating (80 kHz, 100 W) observed by the TEM are shown in Figure 10.
Figure 10 shows that the dislocation form includes the dislocation cell, the twin crystal,
the stacking fault and the dislocation accumulation. The movement of the dislocation may
induce the localized elastic strain in the electroplated Ni coating. If the dislocation density
is low, the local strain energy will become low [31]. Furthermore, the compressive stress
will become low.
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In addition, based on the Gibbs adsorption model, the substrate surface dislocations
will be inserted by the atoms [32]. When the Ni electroplating process continues, more
atoms will incorporate into the dislocations. The volume expansion of the Ni coating leads
to the compressive stress. The decreasing of the dislocation density is beneficial to weaken
the compressive stress caused by the adsorbed atoms. Therefore, through the ultrasonic
activation, the compressive stress can be decreased by reducing the dislocation density of
the electroplated Ni coating.

The compressive stress influences the bonding strength [32]. Figure 11 shows the
friction coefficient during the indentation test. As can be seen from Figure 11, the critical
strength of the electroplated Ni coating is bigger under the ultrasonic activation. The
experimental value of the bonding strength is shown in Tables 1 and 2. The relationship
between the bonding strength and the compressive stress can be seen in Figure 12.
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Figure 12a shows that the bonding strengths are 265 gf and 426 gf under 0 W and
200 W, respectively. Compared with the 0 W condition, the bonding strength is improved by
60.7% under 200 W. Simultaneously, Figure 12b shows that, compared with the 200 kHz, the
bonding strength of the 80 kHz is improved by 56.7%. Additionally, the surface roughness
also influences the bonding strength. The moderate surface roughness can enhance the
mechanical engagement strength between the coating and the substrate. Then the bonding
strength can be enlarged. The surface morphology of the coating is observed by the SEM
(JSM-6480, JEOL Ltd., Tokyo, Japan), which is shown in Figure 13.
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Figure 13 shows that the surface of the coating becomes rougher as the ultrasonic
power increases and the surface of the coating becomes rougher as the ultrasound frequency
decreases. The quantitative analysis of the coating surface roughness was adopted by
a contact profilometer (Dektak-XT, Bruker). The Ra was used to evaluate the surface
roughness. Figure 14 shows the surface profile of the coating (80 kHz, 100 W).
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The Ra is 0.16 µm, 0.23 µm and 0.36 µm when the ultrasonic power is 0 W, 100 W and
200 W, respectively. The Ra is 0.23 µm, 0.29 µm and 0.41 µm when the ultrasonic frequency
is 200 kHz, 100 kHz and 80 kHz, respectively. Therefore, the increased coating surface
roughness may enhance the mechanical interlocking strength. Then the bonding strength
has been improved.

Generally, the ultrasonic activation can enhance the bonding strength between the
electroplated Ni coating and the Cu substrate surface. On the one hand, the ultrasonic
activation method can reduce the oxygen content of the Cu substrate surface. The low
oxygen content of the metal substrate surface can reduce the compressive stress of the
electroplated Ni coating. On the other hand, the ultrasonic activation method can reduce
the dislocation density of the electroplated Ni coating. Then, the low dislocation density can
reduce the compressive stress. The reducing compressive stress can enlarge the bonding
strength. Additionally, the ultrasonic activation method may increase the surface roughness
of the coating, thus, the bonding strength can be enlarged further.

4. Conclusions

Considering the internal compressive stress induced by the oxygen content of the
substrate surface, the effects of the ultrasonic activation method on the bonding strength
were investigated. The chronopotentiometric method was applied. The bonding strength
was tested by the indentation method. The oxygen content of the substrate surface was
tested by the XPS method. The compressive stress and the dislocation density were
measured by the XRD method. The experimental results indicate that the oxygen content
is reduced by 57% under the ultrasonic condition (200 W, 80 kHz) compared to the one
under the ultrasonic free condition. The compressive stress is reduced by 39% under
the ultrasonic condition (200 W, 80 kHz) compared to the one under the ultrasonic free
condition.The bonding strength is increased by 60.7% under the ultrasonic condition
(200 W, 80 kHz) than the one under the ultrasonic free condition. The mechanisms of the
ultrasonic activation method improving the bonding strength were discussed originally.
The ultrasonic activation can reduce the compressive stress and increase the bonding
strength. This work contributes to fabricating the electroplated Ni coating with preferable
bonding strength.
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