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Abstract: Heterogeneous composite materials are widely used in microelectronic, optoelectronic, and
flexible devices, yet their reliability is often limited by insufficient interfacial bonding strength and
thermal mismatch—induced failure.Here, a generally applicable interfacial enhancement strategy based

on microsphere self-assembly mask etching is proposed, in which ordered micro—nano structure arrays



are constructed on substrate surfaces to simultaneously improve interfacial mechanical properties and
thermal stability.By combining periodic microsphere self-assembled masks with dry etching,
structurally consistent micro—nano architectures can be rapidly fabricated on both inorganic and
polymer substrates without high-temperature processing.Representative systems including Cu/SiOz,
Cu/poly(methyl methacrylate) (PMMA), and indium tin oxide (ITO)/PMMA are systematically
investigated using nano-scratch, micro-scratch, pull-off, and thermal shock tests.The results show that
the micro—nano structures significantly enhance interfacial bonding by increasing the effective contact
area and inducing strong mechanical interlocking.For the Cu/SiO: system, nanoscale Cu coatings
remain intact without delamination under an 80 mN load, while the critical failure load of microscale
coatings increases from 6.53 N to 16.62 N.In the Cu/PMMA system, nano-scratch tests reveal an
increase in interfacial failure load from 5.53 mN to 45.05 mN, accompanied by a transition from
interfacial delamination to coupled coating damage and substrate structural collapse, and the pull-off
bonding strength of microscale coatings is further improved by ~49%.Moreover, the micro—nano
structures effectively suppress cracking and wrinkling of ITO coatings on PMMA under thermal shock
conditions up to 80 °C.This work provides a simple, low-damage, and broadly applicable route for
strengthening heterogeneous interfaces and improving thermal reliability in advanced electronic and

flexible systems.
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1 Introduction



Heterogeneous composite materials achieve the integration of multiple properties that a single material
cannot achieve by organically combining components with different physical, chemical, and
mechanical properties at the micro or macro scale. As a result, they exhibit irreplaceable application
value in fields such as microelectronic devices, biomedical implants, and high-performance functional
coatings[ 1-8].Numerous studies have shown that the macroscopic service performance of such
materials, including overall strength, durability, and long-term functional stability, depends not only
on the intrinsic properties of the constituent materials but also, to a large extent, on the structural
characteristics and bonding quality of the interface between heterogeneous phases[9-12].

In practical engineering applications, heterogeneous interfaces often have to withstand complex
mechanical loads, friction and wear, as well as repeated thermal cycling conditions[13-15].Therefore,
the bonding strength of the interface and its stability under high temperature or thermal shock
conditions are particularly critical. However, due to significant differences in crystal structure, thermal
expansion coefficients, and chemical reactivity between heterogeneous materials, achieving an
interface with both high bonding strength and high stability has always been a challenging task[16-
20].

In recent years, strategies aimed at enhancing the interfacial mechanical properties of
coating/substrate systems by introducing micro-nano structures onto substrate surfaces have attracted
widespread attention[20-24].Related studies have demonstrated that appropriate surface structuring
can significantly enhance the mechanical stability of heterogeneous interfaces by increasing the
effective contact area and introducing mechanical interlocking.For example, Cao et al.[25]
demonstrated that depositing SiO: particles onto Carbon fiber reinforced polymer matrix surfaces can

effectively improve the interfacial bonding strength of coatings, with the enhancement mechanism



mainly attributed to the synergistic increase in surface roughness and surface energy.On the other hand,
Yu et al.[26] fabricated regular micro-textures using nanosecond laser processing and achieved a
significant improvement in the interfacial bonding strength between ceramic substrates and plasma-
sprayed coatings, thereby verifying the effectiveness of controllable microstructures in interfacial
reinforcement.Nevertheless, the unavoidable heat-affected zones, the introduction of residual stresses,
and the relatively high equipment and processing costs associated with laser processing constrain its
applicability for heat-sensitive substrates or large-area fabrication scenarios.

Overall, existing studies have demonstrated the beneficial effects of micro-nano structures on
improving the interfacial mechanical properties of heterogeneous interfaces.Nevertheless, notable
limitations remain with respect to the precise control of structural dimensions, the simplicity of
fabrication processes, and the general applicability to different substrate materials.To overcome these
limitations, a surface micro-nano structure fabrication approach based on microsphere mask etching is
proposed in this work.Ordered arrays formed by microsphere self-assembly are used as etching masks
and combined with dry etching to rapidly generate micro-nano structures, while eliminating the
thermal damage commonly associated with laser-based processing.In addition, this approach exhibits
low dependence on the chemical nature of substrate materials, enabling the rapid fabrication of
structurally consistent micro-nano structure arrays on a wide range of substrates, including inorganic
materials and polymers.Representative engineering materials[27-29], including SiO2, poly(methyl
methacrylate) (PMMA), Cu, and indium tin oxide (ITO), were selected as model substrates, and multi-
scale, multi-perspective mechanical and reliability testing methods[20,30,31] were employed to
quantitatively investigate the enhancement of interfacial bonding strength and thermal stability

induced by microcones under coatings with different thicknesses.This strategy provides a practically



viable interfacial regulation approach for the systematic enhancement of the interfacial mechanical

properties of coating/substrate systems.

2 Methods

2.1 Sample Preparation
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Fig. 1 Process flow and structural characterization:(a) schematic of the fabrication process.(b)

schematic diagram of the nanoscale-coated micro-nano structured substrate.(c) schematic diagram of



the microscale-coated micro-nano structured substrate.(d) characterization of the micro-nano
structures. (e) characterization of the nanoscale-coated sample.(f) characterization of the microscale-
coated sample.

In this study, we selected SiO:, a typical ceramic material, and PMMA, a representative organic
material, as substrate materials, while Cu and the metal oxide ITO were chosen as representative
coating materials. Their key mechanical properties are provided in Table. S1. Coating thicknesses of
240 nm and 13 um were used to represent nanoscale and microscale coatings, respectively. To ensure
the consistency of material properties among coatings with the same thickness, indentation tests were
conducted, and the results are presented in Fig. S1.The fabrication process of the micro-nano structured
heterogeneous composite samples is shown in Fig. 1(a). Specifically, a monolayer of nanospheres was
first self-assembled on the substrate surface to serve as a mask, with 900 nm diameter SiO:
microspheres used for SiO: substrates and 900 nm diameter polystyrene (PS) microspheres used for
PMMA substrates. Inductively coupled plasma (ICP) dry etching was then employed to etch the
substrate. For SiO- substrates, the etching parameters were as follows: C4Fs/Ar gas flow rate of 20/80
sccm, ICP power of 500 W, RF power of 200 W and etching time of 90 s. For PMMA substrates, O:
plasma etching was employed with an O: flow rate of 40 sccm, RF power of 200 W and etching time
of 90 s. During the etching process, the microspheres used as the mask gradually decreased in size and
eventually disappeared as the etching time increased, which caused the exposed area of the substrate
to expand continuously. This process resulted in the formation of micro-nano structures on the
substrate, as characterized in Fig. 1(d). Figures 1(b) and 1(e) show the nanoscale coating deposited on
the substrate using magnetron sputtering.To further investigate the interfacial structure, focused ion

beam (FIB) milling and SEM analysis were performed on the cross-section of the coated sample; the



results are presented in Fig. S2. For microscale coatings, as shown in Figures 1(c) and 1(f), an
electroplating process was used to further thicken the nanoscale Cu seed layer to the microscale level.
2.2 Interfacial Bonding Strength Testing
2.2.1 Scratch Test
The interfacial bonding strength of the nanoscale coating was measured using a nano-scratch tester
(Nano-Hardness, Anton Paar). The test employed a 10 um diameter spherical indenter under a linearly
increasing normal force, with the loading force range selected according to different samples, a scratch
length of 100 um, and a data acquisition rate of 40 Hz. The scratch velocity was maintained at 1.67
um/s throughout the test. Additionally, the microstructure of the scratch was examined using a
scanning electron microscope (HITACHI SU8220, Hitachi). Elemental analysis of the scratch surface
was performed using an X-ray energy spectrometer (QUANTAX FlatQUAD, Bruker) equipped with
the scanning electron microscope.

The interfacial bonding strength of the microscale coating on the SiO: substrate was measured using
a micro-scratch tester (RTEC MFT-2000A, Rtec Instruments).The test employed a 200 pm diameter
spherical indenter under a linearly increasing normal force, with the loading force range selected
according to different samples, a scratch length of 2 mm, and a data acquisition rate of 100 Hz. The
scratch velocity was maintained at 33.3 pum/s. This force range was uniformly applied for all
microscale coating samples. The instrument integrates a confocal 3D profilometer, which was used to
characterize the scratch morphology and perform three-dimensional modeling after the scratch test.
2.2.2 Pull-off Test
The interfacial bonding strength of the microscale coating on the PMMA substrate was tested using a

peel-oftf method. A tensile testing machine (HN-603, ZGDR) was employed, with a 10 mm diameter



acrylic cylinder and UV adhesive used to bond the coating to the tensile testing instrument. The force
at which the coating delaminated was obtained from the vertical displacement-force curve provided
by the instrument. The delamination area was measured using ImageJ software to quantify the
bonding strength between the microscale Cu coating and PMMA substrate.
2.3 Thermal Shock Test
The thermal stability of the samples was tested using a thermal shock test. The samples were heated
using a desktop curing oven (HP10, LEBO), and the actual temperature of the samples was measured
with a thermal imaging thermometer (P09, HIKMICRO) to ensure that the surface temperature
reached the preset value. After heating to the preset temperature, a 10-minute holding time was
maintained, and the samples were then allowed to cool to 20°C in air. The samples were
characterized using a metallographic microscope (UM103i, UOP) after the test.

The samples were heated from 20 °C to the target temperature at a heating rate of approximately
5 °C/min, held at the target temperature for 10 minutes to ensure uniform temperature distribution, and
then cooled naturally in ambient air to room temperature.
3 Results and Discussion
3.1 Theoretical Background
3.1.1 Mechanisms of Bonding Strength Enhancement
For a planar substrate interface, the bonding force between the coating and the substrate mainly
originates from adhesive interactions between interfacial atoms or molecules. The magnitude of this
force can be approximately expressed as the product of the interfacial bonding strength and the

apparent contact area[32]:

Fplanarzo-'Aplanar (1)



Where

o is the interfacial bonding strength,

Apjanar 18 the apparent area of the planar substrate.

When micro-nano structures are introduced onto the substrate surface, the interfacial bonding
mechanism changes significantly.On the one hand, the micro-nano structures markedly increase the
effective contact area of the interface, on the other hand, the coating can undergo plastic flow under
external loading and penetrate into the micro-nano scale gaps, thereby introducing a pronounced
mechanical interlocking effect. Accordingly, the total bonding force of the micro-nano structured
interface can be expressed as:

Fricro-nano=0 ActitFmech (2)

Where:

A 1s the effective contact area, including the contribution from the sidewalls of the micro-nano

structures,

Foeen represents the mechanical interlocking force introduced by the micro-nano structures.

To quantitatively evaluate the contribution of the increased effective contact area, a geometric model

is established based on the actual dimensions of the micro-nano structure arrays. As characterized

in Fig. 1(d), the micro-nano structures exhibit an average height of h=0.55 um,a base diameter of

d~0.8 pm,and a periodicity of p~0.9 um.Assuming an ideal conical geometry, the lateral surface
area of a single structure, A,.,cne 1S calculated as:

Asmcur= 5 (8) +7 6

Within each periodic unit cell of area p?, the effective contact area Ay includes both the structure

sidewall and the surrounding flat region. Therefore, the surface area enlargement factor A is expressed



as:

2
d
Actr _Astmcture+(P2‘”(§) )

A= 5 ~1.43 (4)

Aplanar

This calculation indicates that the micro-nano structures enlarge the effective contact area of the
substrate surface to approximately 1.43 times that of a planar substrate. Because A.g>Apjan,e and
Fnech™>0,the bonding force of the micro-nano structured interface is significantly higher than that of
the planar interface. This provides a theoretical basis for the pronounced increase in the critical failure
load observed in subsequent experiments.
3.1.2 Mechanisms of Enhanced Thermal Stability
According to classical thermoelastic theory, temperature variations generate thermal mismatch stress
(Smermal) at the interface due to the difference in thermal expansion coefficients between the coating
and the substrate, which can be expressed as:
E
Othermal= T ‘AwAT (5)

Where:

E is the Young’s modulus of the coating,

v 1s the Poisson’s ratio of the coating,

Aa is the difference in thermal expansion coefficients between the substrate and the coating,

AT 1is the temperature change.

According to Griffith’s crack theory, cracking occurs in the coating when the thermal mismatch

stress Ouemal €Xceeds the fracture strength o, where o can be expressed as:

E-G,

mTa

(6)

o=
Where:

G, is the fracture energy,



a is the initial crack length.

On a planar interface, cracks can propagate linearly along the interface with a short propagation
path, requiring relatively low energy.In contrast, the micro-nano structures force any propagating
crack to deviate along the sidewalls of the micro-nano structures, thereby extending the crack
propagation path. The increased path length implies that more energy is required to create new
fracture surfaces.As a result, the fracture energy of the micro-nano structured interface is much
higher than that of the planar interface. According to Eq. (6), the corresponding fracture strength is
therefore substantially increased, making the interface less susceptible to microcrack damage
induced by thermal mismatch stress.

3.2 Effect of Micro-Nano Structure on the Bonding Strength of Cu/SiO: Composites

3.2.1 Bonding Strength of Nanoscale Cu Coating on SiO: Substrate

Fig. 2 Nano-scratch tests on Cu/Si0O: heterogeneous composites:(a) Cu/planar SiO2(b) Cu/micro-nano
structured Si0a.(c) Scratch characterization of Cu/planar SiO2.(d) Scratch characterization of Cu /
micro-nano structured SiOs.

There are typically five methods to determine the critical point of coating failure: the abrupt



change in scratch depth, the sudden change in friction force, the sudden change in acoustic emission
energy, the abrupt change in friction coefficient, and the observation of the initial damage point of
the scratch through a microscope[33-35]. Considering the film thickness and coating material, a 10
um diameter spherical indenter is used for the scratch test.As shown in Fig. S3, for the Nano-scratch
tests, it is not possible to determine the failure point of the coating based solely on the scratch data.
Therefore, scanning electron microscopy (SEM) characterization is used as the criterion for
evaluating the failure and a quantitative criterion for determining coating failure based on SEM
observations has been established: coating failure is considered to have occurred when the
continuous length of failure phenomena (such as cracking, delamination, or wrinkling) along the
scratch track exceeds 80% of the indenter diameter. Representative SEM images illustrating the
application of this criterion for nanoscale coatings have been included in Fig. S4. The subsequent
Cu/PMMA Nano-scratch tests are conducted in the same manner.

Figures 2(a) and 2(c) show the results of the Cu coating on planar SiO: substrate scratch test. The
surface distribution characterization results indicate that at a normal force of 25.09 mN, the SiO-
substrate is exposed. At this point, the Cu coating in the scratch undergoes damage and plastic
deformation due to the normal and tangential stresses applied by the spherical indenter. Additionally,
the Cu coating accumulates a large amount of elastic strain energy in the stressed region, which then
triggers an instability phenomenon. This phenomenon is manifested as wrinkles in the scratch and
delamination of the Cu coating from the substrate on both sides, resulting in protrusions.

As shown in Figures 2(b) and 2(d), during the Cu coating on micro-nano structured SiO: substrate
scratch test, the Cu coating exhibits phenomena distinct from those observed in the scratch test on

planar substrates. At the initial stage of the scratch, the Cu at the top of the micro-nano structures is



pushed into the gaps by the spherical indenter. As the normal force increases, even under a loading
force of 80 mN, no delamination of the Cu coating is observed. Instead, more Cu is observed to be
squeezed by the indenter and embedded into the gaps between the micro-nano structures . This
embedding phenomenon is direct evidence of the strong mechanical interlocking effect provided by
the micro-nano structure.

3.2.2 Bonding Strength of Microscale Cu Coating on SiO: Substrate
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Fig. 3 Micro-scratch tests on Cu/planar SiO2:(a) Cu/planar SiO: scratch test data.(b) Cu/planar SiO-
scratch  characterization.(c) Coating damage characterization.(d) Coating delamination
characterization.

A 200 um diameter spherical indenter is used for the scratch test on microscale Cu coating samples.

As shown in Figure 3(a), for the Cu coating on planar SiO: substrate samples, as the normal loading



force increases, the friction force shows a nearly linear increase. This linear growth reflects a stable
contact and friction mechanism between the indenter and the Cu coating[34]. When the loading force
reaches 6.53 N, a jump in the friction force occurs, and arcuate damage appears in the Cu coating in
the scratch. This indicates that the bonding strength between the coating and the substrate is insufficient
to resist the continuously increasing shear stress[30].After the friction force exhibits a jump, further
increases in the applied load lead to intense fluctuations in the friction force, which correspond to the

detachment of debris and a transition in the contact material characteristics beneath the indenter[33].
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Fig. 4 Micro-scratch tests on Cu/micro-nano structured SiO::(a) Cu/micro-nano structured SiO:
scratch test data.(b) Cu/micro-nano structured SiO: scratch characterization.(c) Bonding strength
failure characterization.(d) Coating instability characterization.(e) Coating delamination
characterization.

As shown in Figures 4(a) and 4(b), the Cu coating on nanocoMicro-scratch testsne-structured SiO-
substrate scratch test exhibits three stages of friction force variation. In the first stage, as the normal
force increases, the friction force gradually increases, reaching its peak at a loading force of 16.62 N.
As shown in Figure 4(c), at this point, bonding strength failure occurs, and the Cu coating begins to
separate from the substrate. Additionally, the Cu coating undergoes plastic deformation under the
normal and tangential forces, resulting in protrusions. In the second stage, as the normal force further
increases, the friction force begins to decrease linearly with the normal force, as shown in Figures 4(a)
and 4(d). During this stage, the height of the protrusions on the Cu coating surface further increases,
but no intense fluctuation in friction force occurs due to bonding strength failure. This may be because
the Cu coating undergoes plastic deformation between the micro-nano structures , is squeezed by the
indenter, and embedded into the gaps between the micro-nano structures . This plastic flow of Cu and
the mechanical interlocking effect formed between the Cu coating and the micro-nano structured
substrate change the effective contact area and friction mechanism between the indenter and the
coating. In the third stage, the friction force jumps at a loading force of 35.5 N, as shown in Figure
4(e), where the Cu coating on both sides of the scratch experiences damage and delamination, exposing
the micro-nano substrate. Subsequently, the friction force becomes chaotic as the loading force
increases. This indicates that when the loading force is sufficient to overcome the mechanical

interlocking provided by the micro-nano structure, the coating delaminates. However, due to the



presence of the micro-nano structure, this failure is not simple delamination but is accompanied by
damage to the Cu coating itself and partial exposure of the micro-nano structure. The subsequent
friction force disruption also reflects the unstable contact between the indenter and the complex failure
surface.

3.3 Effect of Micro-Nano Structure on the Bonding Performance of Cu/PMMA and
ITO/PMMA Composites

3.3.1 Bonding Strength of Nanoscale Cu Coating on PMMA Substrate

Fig. 5 Nano-scratch tests on Cu/PMMA:(a)Cu/planar PMMA.(b)Cu /micro-nano structured
PMMA.(c)Scratch characterization of Cu /planar PMMA.(d) Scratch characterization of Cu / micro-

nano structured PMMA.

As shown in Figures 5(a) and 5(c), the results of the Cu coating on planar PMMA substrate scratch



test indicate that at a loading force of 5.53 mN, the Cu coating exhibits arcuate damage, at which point
bonding strength failure occurs. From the results of the Cu coating on micro-nano structured PMMA
substrate scratch test shown in Figures 5(b) and 5(d), it can be seen that at a loading force of 45.05
mN, the micro-nano structures are crushed. The surface distribution results show that the Cu coating
experiences damage, and bonding strength failure occurs at this point.

In comparison to the experimental phenomena observed in Section 3.2.1 for the Cu/SiO:
heterogeneous composites, the bonding strength improvement effect of the micro-nano structure on
Cu/PMMA heterogeneous composites is slightly lower. This is because the Young's modulus and
hardness of the PMMA substrate are much lower than those of SiO, and its micro-nano structure is
more prone to plastic deformation or crushing under high loads. As a result, on the micro-nano
structured PMMA substrate, the Cu coating under higher loading forces does not simply delaminate
or fully embed, but both phenomena occur simultaneously. From Figures 5(b) and 5(d), it can be
observed that the failure mode shifts from interface delamination to damage of the coating itself and
plastic deformation of the substrate structure. The mechanical properties of the substrate material limit
the mechanical interlocking effect induced by the micro-nano structure.

These observations suggest that for soft substrates such as PMMA, the micro-nano structure design
needs to be optimized to enhance its mechanical stability, for instance by reducing the aspect ratio to
prevent structural collapse or increasing the structural density to better distribute contact stress, thereby
preserving structural integrity while maximizing the mechanical interlocking effect and further
improving the interfacial bonding strength.

3.2.2 Bonding Strength of Microscale Cu Coating on PMMA Substrate
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Fig. 6 Pull-off tests on Cu/PMMA:(a) Pull-off test.(b) Pull-off area characterization.(c) Comparison
of bonding strength between Cu/PMMA on planar and micro-nano structured substrates.

In the experiment of Section 3.3.1, the crushing of PMMA micro-nano structures is observed.
This suggests that in traditional scratch tests, the normal force applied may cause the PMMA
substrate to deform or even structurally damage before the coating delaminates. If the substrate is
damaged before reaching the critical load for coating failure, the true bonding strength between the
coating and the substrate cannot be accurately reflected[12,31,36]. Therefore, we design a pull-off
test, as shown in Figure 6(a), to measure the bonding strength of the Microscale Cu Coating on
PMMA Substrate. In the test, when the pulling force reaches the maximum stress limit the interface
can withstand, the interface bonding fails instantaneously, and the Cu coating rapidly detaches from
the PMMA substrate. As shown in Figure 6(b), the peel-off area of the Cu coating is measured using
Imagel] software, and the bonding strength is calculated from the pull-off force at the moment of Cu
coating detachment. We perform five sets of experiments for both planar PMMA substrate samples
and micro-nano PMMA substrate samples, and average the results.The specific experimental data
can be found in Table. S2. As shown in Figure 6(c), compared to Cu/planar PMMA heterogeneous
composites, the bonding strength of Cu/micro-nano structured PMMA heterogeneous composites
increases by 49.37 %.

3.3.3 Thermal Stability of Nanoscale ITO Coating on PMMA Substrate



Fig. 7 Thermal shock tests:(a) ITO/planar PMMA 70°C thermal shock test characterization.(b)
ITO/micro-nano structured PMMA 70 °C thermal shock test characterization.

We select the ITO/PMMA system as a case study to validate the enhancement of thermal stability
in heterogeneous composites by micro-nano structures. As shown in Figure 7(a), the ITO/planar
PMMA composite exhibits significant cracking and wrinkling under 70 °Cthermal shock conditions.
This is primarily due to the significant thermal expansion coefficient mismatch between PMMA and
ITO[18]. As a polymer, PMMA has a much higher thermal expansion coefficient than the ITO coating.
When the temperature increases, the expansion of the PMMA substrate greatly exceeds that of the ITO
coating, causing the ITO layer to experience significant thermal mismatch tensile stress. When the
thermal mismatch tensile stress exceeds the fracture strength of ITO, cracking occurs in the ITO
coating. During the cooling process, the contraction of PMMA exceeds that of ITO, causing
compressive thermal mismatch stress on the ITO. At this point, local instability of the ITO coating

occurs, resulting in wrinkling[8,17,37].To enable a more objective comparison, the failure of



ITO/PMMA composites after thermal shock tests was quantified, and the results are presented in Table.
S3.

As shown in Figure 7(b), the ITO/micro-nano structured PMMA does not exhibit any significant
failure under 70 °C thermal shock conditions. This result indicates that the micro-nano structure
improves the thermal stability of the heterogeneous composite.We further conduct an 80 °C thermal
shock experiment (see Fig. S5) and thermal cycling tests (see Fig. S6) on the ITO/micro-nano
structured PMMA to explore the upper limit of thermal stability enhancement by the micro-nano
structure. Under the 80 °C thermal shock conditions and after 10 thermal cycles, the ITO/micro-nano
structured PMMA does not show any significant failure. However, further temperature increases cause
the PMMA substrate to transition from the glassy state to the rubbery state, significantly increasing
the substrate's thermal expansion coefficient and resulting in deformation. This leads to a change in
the failure mode between PMMA and the ITO coating, from thermally stress-driven failure to substrate
deformation-driven failure. Therefore, no further high-temperature thermal shock experiments are

conducted.

4. Conclusion

This study proposes an interfacial enhancement strategy based on microsphere self-assembly mask etching, in which
ordered micro-nano structure arrays are constructed on substrate surfaces to significantly improve interfacial bonding
strength and thermal stability.Nano-scratch, micro-scratch, pull-off, and thermal shock tests are employed to
systematically evaluate the effects of micro-nano structures on interfacial mechanical performance across different
material systems and coating thickness scales.

The results demonstrate that the micro-nano structures markedly enhance interfacial bonding strength and critical



failure load by increasing the effective contact area and introducing pronounced mechanical interlocking effects.In

the Cu/SiO: system, nanoscale Cu coatings on micro-nano structured substrates remain intact without interfacial

delamination under an 80 mN load, while the critical failure load of microscale Cu coatings increases from 6.53 N to

16.62 N, accompanied by a transition from simple interfacial delamination to coupled coating plastic deformation

and local structural interlocking.For the Cu/PMMA system, nano-scratch experiments reveal that the micro-nano

structures increase the interfacial critical failure load from 5.53 mN to 45.05 mN; however, the enhancement is less

pronounced than that observed in the Cu/SiO: system.This discrepancy indicates that the interfacial bonding

enhancement induced by mechanical interlocking is strongly dependent on the mechanical properties of the substrate

material. As PMMA is a relatively soft polymer, its micro-nano structures are more susceptible to plastic deformation

or structural collapse under high loads, thereby limiting the effectiveness of mechanical interlocking.At the

microscale, although the strengthening effect is constrained by the mechanical properties of the PMMA substrate, the

micro-nano structures still improve the pull-off interfacial bonding strength of the Cu/PMMA system by

approximately 49 %.Moreover, by extending crack propagation paths and increasing interfacial fracture energy, the

micro-nano structures effectively suppress cracking and wrinkling failures in the ITO/PMMA system under thermal

shock conditions up to 80 °C. It should be noted that both single-cycle thermal shock tests and low-cycle thermal

cycling experiments have inherent limitations in fully replicating long-term service conditions, and further studies

involving extended thermal cycling would be valuable to validate long-term reliability.

This method is primarily suitable for planar substrates or developable surfaces. For non-developable surfaces,

achieving uniform and close-packed monolayer microsphere self-assembly is challenging due to variations in

curvature and surface tension effects, which can easily lead to mask defects. Meanwhile, the dry etching process

requires uniform plasma exposure, which is difficult to maintain on complex curved surfaces, potentially resulting in

inconsistent micro-nano structure geometry. Therefore, direct application of this method to workpieces with complex



curved surfaces requires further process optimization to address uniformity issues.

This work provides a simple, low-damage, and broadly applicable route for mechanical reinforcement and thermal
reliability improvement of heterogeneous interfaces, offering significant engineering potential for microelectronic
packaging, optoelectronic devices, and flexible electronic systems.Future studies may further elucidate the interplay
between micro-nano structural geometry and substrate mechanical properties, and extend this strategy to a wider

range of material systems and complex service environments.
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