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� Fracture mechanics models to derive
a surface profile that enhances the
adhesion strength are proposed.

� Microgrooves with a laser-induced
periodic surface structure (LIPSS)
were successfully fabricated on a
copper surface.

� The enhancement of adhesion
strength was confirmed by both
numerical simulations and button
shear tests.

� The study revealed the LIPSSs
formations on microgrooves suppress
shear deformation and interface crack
propagation.
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a b s t r a c t

This study investigated the effects of micro- and nanostructures on the adhesion strength between cop-
per and an encapsulating mold compound (EMC). The shape of the microgrooves was designed based on
fracture mechanics theory, and the effect of laser-induced periodic structure surface (LIPSS) formation on
the microgroove was investigated using numerical simulations. The designed surface profiles were fab-
ricated using femtosecond laser treatments, and the adhesion strength between copper and the EMC
was evaluated. The results show that deep microgrooves improved the adhesion strength owing to the
anchor effect. However, the aspect ratio between the pitch and depth of the microgroove had a limitation
in enhancing the adhesion strength. The formation of LIPSSs on the mountaintop of the microgroove was
very effective; however, an LIPSS on the valley of the microgroove was ineffective. Numerical analyses
revealed that LIPSSs suppressed the shear deformation of the EMC and worked as resistance to interface
delamination. Based on the findings obtained in this study, combining micro- and nano-scale surface
structure formation with femtosecond laser treatments is an effective and eco-friendly method for
improving adhesion strength.
� 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Along with the rapid integration of semiconductors for achiev-
ing higher speed and lower energy consumption, new multi-layer,

miniaturized, and low-profile electronic package technologies have
been developed. In addition, with the rapid development of hybrid
electric and purely electric vehicles, SiC and GaN power devices
have emerged, which work at higher temperatures than conven-
tional silicon-based technologies, bringing new issues such as the
introduction of heat-resistant materials or thermal management
in the system [1–4]. Furthermore, owing to the strong enforcement
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of the mandate for reducing CO2 emissions, electrification is
spreading not only to the automobile industry but also to the air-
craft industry [5], and highly reliable semiconductor products will
be required in the future.

Electric packages are composed of chips, lead frames, and
encapsulating mold compounds (EMCs), which have different
mechanical properties, such as elastic moduli and thermal expan-
sion coefficients. During the reflow soldering process or usage of
these products, delamination at the interface between different
materials is likely to occur owing to thermal stress. In particular,
owing to the weak bonds of the intermolecular forces, the inter-
faces between the metal lead frames and the EMCs have a low
interfacial strength; therefore, it is necessary to improve the adhe-
sion between the lead frames and the EMCs to suppress delamina-
tion and prevent package failures [6–12].

The fundamental principles of adhesion can be classified into
chemical bonds, physical interactions such as van der Waals forces,
and mechanical locking such as anchor effects. Surface structures
change the true contact area and affect the physical interactions
between adherents. Usually, surface energy is the material prop-
erty representing the strength of physical interactions. The surface
energy is measured by dropping a water droplet on the surface of
the material and measuring the contact angle to evaluate wettabil-
ity. Subsequently, the contact angle is related to the surface energy
via the Young–Dupre equation. Wenzel [13] and Cassie–Baxter
[14] revealed that the contact angle, that is, the surface energy,
depends on surface roughness. After their pioneering work, many
studies on creating superhydrophobic or super-hydrophilic sur-
faces were conducted [15–23]. However, most of these studies deal
with the phenomena occurring at the solid–liquid interface [24–
26].

Mechanical locking is generated by bonding between solids, and
when another material enters the rough surface of one material, a
strong bonding force is created [27–30]. Methods for forming irreg-
ularities on metal surfaces include chemical etching [31], surface
oxidation [32], and groove formation by laser treatment [33].
Recently, research on the formation of surface irregularities using
biomimetics has been actively conducted [34–35].

Laser treatment has many industrial merits, including partial
treatment of the surface of the material, reduced steps and pro-
cessing time, and eco-friendliness. Furthermore, in recent years,
the technique of forming a periodic nanostructure, that is, laser-
induced periodic surface structure (LIPSS), on a metal surface by
laser processing has been studied [36–39]. The advantage of LIPSS
treatment is that it can enhance the adhesion strength by increas-
ing the surface area and roughness, increasing the true contact area
and the mechanical locking sites more than in microgrooves treat-
ment alone. The disadvantage is that an additional process is
required for LIPSS formation after developing microgrooves. Exam-
ples of applying the composite structure of microgrooves and
LIPSSs to copper materials are few. In addition, little research has
been conducted on the contribution of such composite processing
of microgrooves and LIPSSs to the improvement of adhesion
strength. Moreover, the surface profile has almost no design guide-
lines to enhance adhesion strength using the anchor effect.

Therefore, this study aims to derive a design guideline for the
surface profile of microgrooves to enhance the adhesion strength.
Furthermore, this surface profile is demonstrated by fabricating
microgrooves and LIPSSs on a copper surface using a femtosecond
laser treatment. Moreover, to verify the enhancement in adhesion
strength, EMCs were formed on the surface-treated copper plate,
and the shear strength was measured. Lastly, the mechanism of
adhesion enhancement with microgrooves and LIPSSs was dis-
cussed based on finite element simulations.

The remainder of this paper is organized as follows. In Section 2,
a theoretical model based on fracture mechanics is proposed to

design the surface profile of the microgroove to enhance adhesion
strength. In Section 3, in addition to the surface profile of the
microgroove, the effect of LIPSS formation is investigated using
numerical analyses, and the surface profiles used in the experi-
ments are determined. In Section 4, composite surface structures
of microgrooves and LIPSSs on copper plates are fabricated using
femtosecond laser treatment. In Section 5, EMCs are formed on
the surface-treated copper plates, the adhesion strength is evalu-
ated by button shear tests, and the fracture mechanism is dis-
cussed according to surface morphology observations.

2. Design of surface profile based on fracture mechanics

2.1. Fracture mechanics modeling

Usually, the interface between a polymer and metal fails as a
combination of interfacial and cohesive failures. Yao and Qu [40]
proposed a mechanical model based on fracture mechanics to
describe the failure modes of metal–polymer interfaces under ten-
sile loading. However, in electronic packages, shear loading is dom-
inant because of the difference in thermal expansion during
molding, reflow processes, and service conditions. Therefore, in
this section, considering the interfacial and cohesive failure of
the metal–polymer interface crack under shear loading, the design
diagram to select the optimum shape with high adhesive strength
is derived.

The interface profile of the copper–EMC with a depth (d), half-
wavelength of the pitch (k), and flat top surface length (s) is consid-
ered, as shown in Fig. 1. Subsequently, two failure modes are con-
sidered, and the maximum shear stress is derived for each case.

Case I: Interface delamination on copper/EMC interface
Assuming that part of the interface has already separated, as

shown in Fig. 1(a), the critical shear stress at which the interface
crack begins to propagate on the interface is derived. The interface
crack model is introduced, in which the equivalent moment is
applied to a thin film on a semi-infinite plate, as shown in Fig. 1
(a). From dimensional analysis, the equivalent moment acting on
a unit thickness is described as

M ¼ as0kd; ð1Þ
where a is a coefficient. In addition, by introducing geometrical
parameters c and h ¼ cd, the energy release rate of the interface
crack, Gi, is derived as [41]:

Gi ¼ 1
2E
�
emch

12M2

h2
¼ 6M2

E
�
emch

3 ; ð2Þ

E
�
emc ¼ Eemc

1�memc
; ð3Þ

where Eemc and memc are the Young’s modulus and Poisson’s ratio of
the EMC, respectively. If the interface crack begins to propagate
under Gi ¼ Gc

i , the normalized critical shear stress is expressed as
follows:

sc0
a0E

�
emc

¼
ffiffi
d

p
k

ffiffiffiffiffiffiffi
Gc
i

E
�
emc

r
; ð4Þ

where a0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
6a2=c3

p
.

Case II: Cohesive fracture in EMC
Subsequently, assuming that part of the interface has already

separated, as shown in Fig. 1(b), the critical shear stress in the case
where the interface crack kinks and propagates into the EMC is
derived. The kinked crack length, d, is introduced, and the single-
edge notched specimen under the applied moment of Eq. (1) is
considered. The stress intensity factor of this model is described
as [42]
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K I ¼ M

a
3
2

6
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When the critical condition as d ! 0 is considered, the stress
intensity factor at which the crack begins to propagate is

K I ¼ M

a
3
2

6
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 tanp 1�xð Þ

2

p
cosp 1�xð Þ

2
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2
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� �

¼ M

a
3
2
f 1�xð Þ;

ð6Þ
where f is a function of x ¼ b=að0 < x < 1Þ. Subsequently, the
energy release rate, Gemc, is derived as

Gemc ¼ K2
I

E
�
emc

¼ s20k
2a2d2

E
�
emc k�sð Þ3

f 1�xð Þf g2 ð7Þ

The crack begins to propagate when the energy release rate
reaches the fracture toughness of the EMC, Gemc ¼ Gc

emc. The nor-
malized critical shear stress is described as

asc0
E
�
emc

¼
ffiffi
k

p
d

1�x0ð Þ32
f 1�xð Þ

ffiffiffiffiffiffiffi
Gc
emc

E
�
emc

r
; ð8Þ

where x0 ¼ s=k ð0 < x0 < 1Þ:

2.2. Design guideline for periodical surface profile

If the half-wavelength, k, and the flat top surface length,
sð0 � s � kÞ, are fixed, the critical shear stress of the interfacial
fracture in Eq. (4) monotonically increases with depth (d), whereas
the critical shear stress of the cohesive fracture in Eq. (8) monoton-
ically decreases with depth (d). For example, considering the mate-
rial parameters in Table 1 and assuming
Gc

i ¼ 11:5 J=m2 43½ �;Gc
emc ¼ 7550 J=m2 40½ �; and x ¼ x0 ¼ 0:5, the

normalized shear stresses can be obtained as shown in Fig. 2.
The normalized shear stresses of the interfacial and cohesive frac-
tures exhibit a trade-off relationship. The maximum normalized
shear stress is obtained when the following equation is satisfied:

ffiffi
d

p
k

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E
�
emcG

c
i

q
¼

ffiffi
k

p
d

1�x0ð Þ32
f 1�xð Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E
�
emcG

c
emc

q
ð9Þ

Fig. 1. Fracture mechanics models for interface delamination and cohesive fracture.

Table 1
Material properties.

EMC
(Encapsulating mold
compound)

Copper

Young’s modulus (GPa) 25 118
Poisson’s ratio 0.3 0.3
Yield stress (MPa) 75 -
Damage initiation strain 0.04 -
Fracture energy (J=m2) 15 -
Interfacial stiffness, Kn (GPa) 25
Interfacial maximum traction, tmax

(MPa)
25

Interfacial fracture energy, Gc
i (J=m

2) 11.5

Fig. 2. Fracture boundary depending on the aspect ratio between the pitch and the
depth of the microgroove.
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Subsequently, the optimum aspect ratio between the pitch, 2 k,
and the profile depth, d, is determined as

d
2k ¼ 1�x0

f 1�xð Þf g2=3
Gc
emc
Gc
i

� �1=3
; ð10Þ

where x ¼ b=að Þ is a coefficient that relates to the delamination
length, and x0 ¼ s=kð Þ is the coefficient that relates to the length of
the flat surface of the mountaintop of the microgroove. In Fig. 2,
the optimum normalized shear stress is obtained at an aspect ratio
of d=2k ¼ 0:437: Then, the failure mode of the copper–EMC inter-
face is expected to be

d
2k < 0:437 Interfacial fracture between Cu and EMCð Þ
d
2k > 0:437 Cohesive fracture in EMCð Þ

ð11Þ
The effects of the delamination and flat mountaintop surface

lengths are shown in Fig. 3. The critical shear stress tends to
increase as x0 ! 0 s ! 0ð Þ and x! 1 b ! 0ð Þ. Therefore, it is sug-
gested that the surface profile with higher adhesive strength has
a triangular shape with a larger aspect ratio.

It should be noted that this estimation assumes that copper and
EMC are elastic and that it is impossible to predict the critical shear
force quantitatively because of plastic deformation in the EMC.
However, even in elastic estimation, this is a useful guideline for
designing a surface profile with an optimum aspect ratio that has
a higher adhesion strength. The effect of plastic deformation in
the EMC is discussed in the next section based on finite element
analyses.

3. Numerical simulation

3.1. Numerical model

This section presents numerical simulations carried out to
investigate the effects of the microgroove profile and LIPSS forma-
tion on adhesive strength. A two-dimensional unit cell model with
a periodic surface profile was developed using the ABAQUS/CAE
2019 software with a Python script, as shown in Fig. 4. The model
size was deduced to be sufficiently large to prevent stress interac-
tion between the top and the interface. The material properties and
interface parameters used in the numerical simulations are pre-
sented in Table 1. Copper was assumed to be an elastic material.
The EMC was assumed to be an elastic–plastic material. The bot-

tom edge of the model was fixed, and the left and right edges were
set as periodic boundary conditions in the horizontal direction
using the *EQUATION command in the ABAQUS software [44,45].
The enforced horizontal displacement was applied to the top of
the model, and the shear stress was calculated using the total reac-
tion force on the top edge. At the copper–EMC interface, isotropic
cohesive contact surface interaction, which has a linear traction–
separation relation with damage initiation and evolution, was
introduced. Damage was assumed to initiate when a quadratic
interaction function had a value of one, and damage evolution
was based on a power-law fracture criterion, which describes the
failure under mixed-mode conditions as a power law interaction
of the energies required to cause failure in the individual modes
[44]. Four-node plane strain finite elements were used, and
through a convergence check for element size, the minimum ele-
ment size was deduced to be approximately 6:5� 10�2 lm. The
total number of elements and nodes were approximately 22,600
and 23,600, respectively.

Fig. 3. Effect of delamination and flat mountain top lengths on optimum aspect ratios and normalized critical shear stresses.

Fig. 4. Unit cell model with two concave microgrooves for numerical simulation.
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For the surface profile of the microgrooves, sine curves with a
wavelength of 2k ¼ 30 lm and heights of d = 0, 7.5, 15, 22.5,
37.5 lm were introduced to mimic the laser treatment. In our fab-
rication process, the size of LIPSSs was 0:81� 0:03 lm on the flat
surface and 1:87� 0:10lm on the slope. The size of LIPSSs depends
on the condition of the interfering laser beam. To compare under
the same condition, the LIPSS profiles were assumed to be sine
curves with a wavelength of 1 lm and a height of 1 lm and were
superposed on the microgroove wave. The locations where LIPSSs
were formed changed in the following four patterns: on the entire
surface of the microgrooves, only on the mountaintops, only on the
valleys, and only on the slopes.

3.2. Numerical results

Fig. 5 shows the rate of increase in the adhesion strength of only
the microgroove models when the aspect ratio, d=2k, is changed.
The results show that the adhesion strength increased with the
aspect ratio, and the adhesion strengths for aspect ratios above
d=2k ¼ 0:5 were almost the same for the microgroove models
without LIPSSs. In addition, it was found that the aspect ratio of
d=2k ¼ 0:5 was close to 0.437, which had the maximum shear
stress in the theoretical prediction. In the theoretical model, cohe-
sive fracture due to crack propagation in the EMC was considered
under the assumption that the EMC was an elastic material and
that the shear strength decreased beyond the critical aspect ratio,
as shown in Fig. 2. However, when the EMC was considered as
an elastic–plastic material, shear failure due to plastic deformation
in the EMC occurred, and the shear strength maintained the same
value over the critical aspect ratio. This implied that the theoretical
model could be applied to determine the critical aspect ratio, and
there was a limitation in the adhesion strength. Therefore, creating
a deep and narrow groove is not always effective in improving
adhesion strength.

Subsequently, the effects of LIPSS formation on the adhesion
strength are compared for aspect ratios of
d=2k ¼ 0:5; 0:75; and 1:25 in Fig. 6. From these figures, it can be
seen that the models with LIPSSs on the valleys and slopes at
d=2k ¼ 0:5; 0:75 have lower adhesion strength than the models
for which only microgrooves were considered. LIPSSs on the entire
surface and mountaintops resulted in a larger adhesion strength
than that in the model for which only microgrooves were consid-
ered. This result indicates that increasing the surface roughness

does not always enhance the adhesion strength and that the loca-
tion of LIPSS formation is an important design factor for enhancing
the adhesion strength.

Fig. 7 shows the distributions of equivalent plastic strains of the
model with LIPSS formation on the entire surface of the micro-
groove and the model with LIPSS formation on the valley at
d=2k ¼ 0:5. Damage occurs in the region where the equivalent
plastic strain is greater than 0.04, which is gray in the EMC. In
the case of the LIPSS formation on the entire surface, as shown in
Fig. 7(a), although delamination of the copper–EMC interface
occurs around the mountaintops, LIPSS effectively suppresses the
expansion of the delamination and shear deformation of the
EMC. On the other hand, in the case of the LIPSS formed on the val-
leys, as shown in Fig. 7(b), delamination of the copper–EMC occurs
around the mountaintop, and the damaged region is connected
from the mountaintops due to shear deformation of the EMC,
resulting in a shear fracture in the EMC. In this case, LIPSS does
not effectively suppress delamination of the copper–EMC. LIPSS
suppresses the expansion of copper–EMC delamination and pre-
vents EMC failure that occurs due to the connection of plastic
strains concentrated around the mountaintops. Therefore, to
increase the adhesion strength, it is more effective to form LIPSS
on the entire surface or mountaintops than on valleys.

Based on the discussion above, candidates for surface profiles
with higher adhesion strengths are summarized in Table 2. In the
following sections, the candidate surface profiles are fabricated
using femtosecond laser treatment, and the adhesion strength is
evaluated using button shear tests.

4. Fabrication of microgroove and LIPSS on copper surface

This section presents microgrooves and LIPSSs fabricated on a
copper surface using femtosecond laser treatment. The Yb:KGW
femtosecond pulse laser system (PHAROS-08-600-PP, Light Con-
version) was used in this study [46]. The laser treatment conditions
are summarized in Table 3. First, microgrooves were formed by
irradiation with a high energy density and wide pitch, followed
by the formation of LIPSS on the microgrooves by irradiation with
a low energy density and narrow pitch.

Table 4 summarizes the dimensions of the fabricated speci-
mens, and Fig. 8 shows the specimen surface obtained by scanning
electron microscope (SEM). Specimens A and B had LIPSSs on the
top of the microgroove. Specimen C had LIPSSs on the entire sur-
face, and Specimen D had LIPSSs on both the top and the valley
of the microgroove. Specimens E and F had LIPSSs in the valley of
the microgroove. By comparing specimens A, B, and C, it can be
seen that LIPSSs did not form on the slope as the aspect ratio
increased. This is because the area where one pulse is irradiated
increases owing to the inclination, and the energy density
decreases; therefore, the energy density required for LIPSS forma-
tion is not satisfied. By comparing specimens D and F, it can be
seen that LIPSSs were formed not only in the valley but also on
the mountaintop due to the widening of the pitch. This is because
the unprocessed surface remained on the mountaintop when the
microgroove was formed owing to the expansion of the pitch,
and LIPSSs were formed in the unprocessed part by the second irra-
diation. By comparing specimens A to C with specimens E and F, it
can be seen that the LIPSS formation position changes depending
on the directions of the microgroove and LIPSS. This is because
the interference state of the laser beam changes depending on
the inclination direction of the microgroove slope with respect to
the polarization direction. The LIPSS is thought to be caused by
interference between the incident light and surface electromag-
netic waves, and many previous studies have shown that it is
formed perpendicular to the polarization direction [36,37]. There-

Fig. 5. Adhesion strength increase ratio for several aspect ratios of microgrooves
without LIPSSs.
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fore, when the microgroove and LIPSS were parallel, the slope was
inclined in the polarization direction, and LIPSS formation was lim-
ited on the slope. However, when the microgroove and LIPSS were

vertical, the slope was not inclined in the polarization direction.
Then, LIPSS formation was evident on the slope when the aspect
ratio was small.

Fig. 6. Adhesion strength increase ratio for microgrooves with LIPSSs formation.

Fig. 7. Equivalent plastic strain distribution just before failure.
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5. Evaluation of adhesion strength by button shear tests

5.1. Experimental method

This section presents an evaluation by button shear tests of the
adhesion strength of the fabricated copper–EMC (presented in the
previous section) and a discussion of the effect of the surface pro-
file on the adhesion strength. As shown in Table 4, there were four
patterns of LIPSSs formation on the microgrooves: only on the
mountaintops, only on the valleys, both on the mountaintops and
valleys, and on the entire surface of the microgrooves. In addition,
the aspect ratio, d=2k, which is the ratio of the microgroove pitch,
2k, to the microgroove depth, d, was used as an index to discuss the
unevenness of the microgroove.

The button shear test is widely used in the electronics industry
for the adhesion strength measurement of copper–EMC [43,47–
49]. The specimen used for the button-shear test is shown in
Fig. 9(a). A laser-processed copper plate after etching (Cu-Sn alloy
(Sn: 0.1 to 0.15 %)), EMC (epoxy with 86 % silica filler), a mold for
button shape, and a heat press machine were used, and the button
shape of the EMC was molded on the laser-treated copper plates by
hot pressing. As shown in Fig. 9(b), shear tests were performed
using a universal tensile testing machine (EZ Graph, Shimadzu
Co. ltd.) at a shear height of 0.2 mm and a shear rate of
0.017 mm/s. After the tests, the fracture surfaces were observed
using SEM. Button shear tests were performed four times for each
condition.

5.2. Experimental results

Fig. 10 shows typical load–displacement curves during button
shear tests. In all cases, the load increased with displacement,
and at the maximum load, the specimen suddenly fractured, that
is, a shear fracture occurred between the copper and EMC. The
effect of loading direction on microgroove direction can be
observed from the initial deformation behavior. Applying a load
parallel to the microgroove shows more compliant behavior,
although the maximum load is not influenced by loading direction.
The difference in the initial deformation behavior was small for the
specimen with LIPSSs formation on the valley of microgrooves.

The average shear strength for each condition is shown in
Fig. 11. The adhesion strength of specimen A, which has an aspect
ratio of d=2k ¼ 0:73 and LIPSS on only the mountaintop, is the lar-
gest: the adhesion strength is approximately 3.3 times that of the
original specimen without laser treatment. This tendency is consis-
tent with the numerical results: the model with an LIPSS on the
mountaintop showed one of the largest adhesion strengths, as
shown in Fig. 6. Comparing specimens D (LIPSS: top and valley,
d=2k ¼ 0:47) and G (only microgroove, d=2k ¼ 0:44), which have
almost the same aspect ratios, the LIPSSs formation enhances the
adhesion strength by approximately 7.3 % over that of the only
microgroove structure.

Among specimens B, D, and F with an aspect ratio of approxi-
mately 0.5, specimen D with LIPSSs on both mountaintops and val-
leys has a larger adhesion strength than specimens B and F with
LIPSSs on only the mountaintop or the valleys. Thus, LIPSSs on both
mountaintops and valleys effectively enhances adhesion strength.
Specimen E, which has a larger aspect ratio than specimen D and
LIPSSs on the valleys, shows a lower adhesion strength than spec-
imen D. LIPSSs on the valleys negatively affects the adhesion
strength. Thus, the position where LIPSSs are formed is an impor-
tant design factor for enhancing adhesion strength.

The fracture surfaces observed using SEM are shown in Fig. 12
for specimens A, B, D, and I.

During the button shear tests, the EMC fracture first occurred at
the position where the punch was pushed owing to stress concen-
tration. Subsequently, the crack progressed to the interface
between the copper plate and the EMC. A shear fracture occurred
when the remaining part of the EMC decreased. From Fig. 12(a),
both cohesive fracture of the EMC and interfacial delamination of
the copper–EMC on the top of the microgrooves can be observed
for specimen A, although the EMC did not fill the valley of the
microgrooves in some parts owing to the silica filler in the EMC.
Because the average particle size of the silica filler was 25 lm
and the pitch of the microgrooves was 30 lm, it is possible that
the silica filler entered the microgroove and became an obstacle
to epoxy resin flowing into the microgrooves. However, this case
showed the largest adhesion strength, and both the large aspect
ratio and LIPSS formation on the mountaintop effectively enhanced
the adhesion strength. As shown in Fig. 12(b) and (c), cohesive frac-
ture of the EMC occurred, and the microgrooves were filled with
EMC on the fracture surface. This trend is the same as the numer-
ical simulation results of EMC failure, as shown in Fig. 7. Moreover,
in Fig. 12(c), the flat top surface of the microgroove with LIPSSs can
be observed, and this works as a resistance to shear stress and
results in the enhancement of the adhesion strength in specimen
D. As shown in Fig. 12(d), not much EMC is left on the fracture sur-
face of specimen I, which has only LIPSSs without microgrooves.
This result indicates that the anchor effect did not work well for
the specimen with a small aspect ratio, and the size of the micro-
groove was also an important design factor in enhancing the adhe-
sion strength.

Table 2
Candidates for surface profile and LIPSS position.

LIPSS place on Cu / Aspect ratio Adhesion strength increase ratio

Entire surface/0.5 2.44
Top /0.75 2.44
Top /1.25 2.44

Table 3
Laser treatment conditions.

Microgroove LIPSS

Wavelength [nm] 1030
Pulse interval [fs] 256
Laser spot diameter [lm] 20
Repeat frequency [kHz] 100
Energy density [J/cm2] 4.0, 4.5 0.5
Scan rate [mm/s] 9.5, 14.4, 30 50
Irradiation pitch [lm] 25, 30 10

Table 4
Dimension and LIPSS condition of fabricated specimens.

Specimen Microgroove LIPSS Aspect ratio
d=2k2k[lm] d[lm] Place

A 30 22 s Top 0.73
B 30 15 s Top 0.5
C 30 7 s Entire 0.23
D 30 14 s Top + Valley 0.47
E 25 17 s Valley 0.68
F 25 13 s Valley 0.52
G 25 11 � - 0.44
H 25 10 � - 0.4
I - - s Entire ;0
J - - � - ;0
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6. Conclusion

To enhance the adhesion strength of the copper–EMC interface,
the microgroove shape on the copper surface was designed using
fracture mechanics theory, and the effect of LIPSS formation on
the microgroove was investigated by finite element analyses. The
designed surface profile was fabricated using femtosecond laser
treatments, and the adhesion strength of the copper–EMC was
evaluated using button shear tests. The results obtained are sum-
marized as follows:

� By forming a deep microgroove, the adhesion between the cop-
per and the EMC was improved owing to the anchor effect.
However, it was found that there was a limitation in the aspect
ratio between the pitch, 2k, and depth, d, of the microgroove to
enhance the adhesion strength. If the aspect ratio of the micro-
grooves exceeds the threshold value, which is the maximum
limitation of the adhesion strength, the shear fracture in the
EMC is dominant. In this study, the threshold was estimated
using fracture mechanics theory to be d=2k ¼ 0:437.

Fig. 8. SEM observation of the specimen surface.
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� By combining microgrooves and LIPSSs with femtosecond laser
treatment, micro- and nano-scale structures on the copper sur-
face were successfully fabricated, and the adhesion strength
between the copper and the EMC was improved by more than
3.3 times compared to that of the specimen without laser treat-
ment. The LIPSS formation enhances the adhesion strength by
approximately 7.3 % over that of the only microgroove
structure.

� Depending on the position where the LIPSSs were formed, the
adhesion strength changed, and the LIPSSs on the mountaintop
showed the largest adhesion strength. The numerical simula-
tion revealed that the LIPSSs suppressed the shear deformation
of the EMC and worked as a resistance to the interface delami-
nation, resulting in the enhancement of adhesion strength.

Based on the findings obtained in this study, combining micro-
and nano-scale surface structure formations with femtosecond
laser treatment is an effective method for improving adhesion
strength.
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