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A B S T R A C T   

Gallium-based liquid metal alloys (LMs) have promising prospects as circuit components for flexible electronics, 
while, their high surface tension is now challenging for wetting of LMs on polymer surfaces and further 
patterning. In this study, we prepared functional Cu thin films on PDMS to enhance wettability of EGaIn liquid 
metal, using metal reaction-enhanced wetting. By adjusting the deposition pressure for Cu film deposition and 
introducing silicon-bound PDMS, both surface characteristics and microstructures of the Cu films change greatly. 
The corresponding contact angle of EGaIn can be tuned from 19◦ to 79.5◦. The folded texture of the Cu film 
surface reduces the actual contact area, leading to an increase in the contact angle. The higher I(111)/I(200) ratio in 
the Cu films improves the surface wettability, probably due to the fact that the (111)-phase orientation promotes 
the formation of CuGa2 reaction products. This tunable wettability of LMs is expected to improve the perfor-
mance of flexible electronic devices.   

1. Introduction 

Flexible circuit conductors and electrodes play a crucial role in the 
functionality of wearable electronics and devices [1–5] as they enable 
signal transmission even during bending and deformation. Currently, 
there are two primary techniques employed for fabricating this flexible 
circuit components. One approach involves the integration of 
non-stretchable active materials, such as carbon nanotubes, graphene, 
and metal nanowires, with flexible polymers to fabricate stretchable 
composite electrodes. For instance, carbon-based stretchable composite 
electrodes can achieve a remarkable maximum stretchability exceeding 
100 %, albeit their electrical conductivity typically remains below 80 
S/m [5–7]. Contrast, incorporating various structural patterns such as 
corrugated, island-bridge, and lattice structures in inorganic semi-
conductors and metal thin-film materials enables the creation of 
high-conductivity flexible electrodes. However, these fabricated elec-
trodes encounter the practical bottleneck instability of electrical prop-
erties under significant deformation, typically up to a maximum of 
20–30 % [4,8,9]. Therefore, it is still an opening challenge to develop 
stretchable and flexible conductors that for superior strain recovery 

capabilities, high stability, and conductivity under substantial defor-
mation in wide applications [10–12]. 

Liquid metals (LMs) refer to liquid alloys and elemental metals that 
remain in a liquid state at room temperature or slightly elevated tem-
peratures, possessing advantages such as fluid deformability and sig-
nificant conductivity [13–17]. Among various LMs, gallium-based liquid 
metals attract much interest due to their good biocompatibility. There-
fore, researchers consider the combination of gallium-based liquid metal 
and polymers a highly promising solution for developing 
high-performance stretchable conductors. However, the surface tension 
of LMs is significantly higher(approximately 720 mN/m [18–20]) 
compared to most polymers with a surface tension below 50 mN/m 
[21–25], posing a major challenge in wetting LMs onto polymers. 

Therefore, the wetting of LMs on polymer surfaces and further 
patterning remains an unresolved issue in this field. Currently, four 
methods are being investigated to address this issue: direct writing [26, 
27], stencil printing [28–30], molding/microfluidic injection [31–33], 
and selective wetting technology (SWT) [34–39]. Among these tech-
niques, SWT refers to a method of forming patterns by selectively wet-
ting substrates with liquid metals of different wetting properties, 
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resulting in hydrophilic regions and hydrophobic regions. Typically, a 
high surface energy metal film is deposited on the polymer surface, and 
the desired pattern structure is prepared using existing metal film 
patterning methods, such as photolithography and femtosecond laser. 
The liquid metal is then selectively wetted on the metal pattern struc-
ture, while not wetting the polymer. This method is expected to surpass 
the resolution limit of liquid metal patterning while remaining 
compatible with large-scale industrial production. Therefore, SWT has 
recently garnered considerable attention. 

For example, Yu Ra Jeong et al. [37] employed magnetron sputtering 
to deposit an Au film on PDMS, resulting in a significant reduction of the 
GaInSn contact angle from 130◦ to 27◦. Li et al. [40] introduced a se-
lective liquid metal plating method by electroplating Cu onto PDMS, 
enabling the fabrication of circuit patterns with a minimum width of 
approximately 2 μm. Kim et al. [41] investigated the enhanced wetting 
characteristics of textured metal surfaces using gallium-based liquid 
metal alloys. They found that EGaIn, an eutectic mixture of indium and 
gallium, exhibited complete and spontaneous wetting behavior on 
post-shaped and pyramidal metal surfaces. The wetting properties of 
liquid metals are typically influenced by their composition and 
morphology. However, due to limited research on reactive wetting and 
interfacial structure, the underlying mechanism governing wetting 
phenomena remains unresolved and poses challenges. 

In this study, we prepared a series of Cu films on PDMS by employing 
PVD magnetron sputtering to enhance the wettability of EGaIn. 
Compared with other surface techniques, the PVD magnetron sputtering 
technique has the advantages of low deposition temperature, fast 
deposition rate, and the ability to achieve uniform and dense film 
deposition over large areas. Especially, by precisely adjusting deposition 
parameters during PVD magnetron sputtering, the morphology and 
microstructure of the film can be effectively tailored [42,43], and its 
low-temperature characteristic allow the use of organic flexible sub-
strates to maximize their flexibility [44,45]. This is important for the 
deposition of Cu films on flexible polymer surfaces. By adjusting the 
deposition pressure for Cu film deposition and introducing silicon sub-
strate to constraint the deformation of PDMS, the surface morphologies 
and microstructures of the Cu films changed, their roles on the wetting 
behavior of LMs were investigated, the intermetallic reactions between 
the Cu film and LMs, and related wetting mechanism were also 
discussed. 

2. Experimental 

2.1. Preparation of Cu films 

The PDMS (KRN series, Hangzhou Guijin New Material Technology 
Co.) with a thickness of 200 μm was used as the substrate. To investigate 
the effect of PDMS deformation during film deposition on the 
morphology and microstructure of Cu films, PDMS-attached Si wafers 
were also used as the substrate [46], referred to as PDMS/Si. A 
multi-target DC magnetron sputtering system was used to deposit the Ti 
transition layer and Cu layer on both PDMS and PDMS/Si substrates 
orderly, with a circular target (diameter of 50.8 mm, thickness of 5 mm, 
purity of 99.99 %). Here, the Ti layer was used to improve the adhesion 
strength between the Cu layer and the PDMS substrate. The Cu target 
was connected to a high-power pulsed magnetron sputtering (HiPIMS) 
power supply, and the Ti target was connected to a direct current 
magnetron sputtering (DCMS) power supply. The target-to-substrate 
distance was kept at 7 cm, and the base pressure of the vacuum cham-
ber was less than 1 × 10− 3 Pa. 

Before deposition, to remove surface contaminants, all substrates 
were etched by oxygen plasma for 90 s, with an operating power of 60 W 
and a pressure of 2.7 Pa. Then, under a 100 W DCMS power supply and a 
0.5 Pa pressure, the Ar precursor was introduced into the chamber, and 
the Ti target was ignited. The deposition time for the Ti transition layer 
was 36 s, with a thickness of 10 ± 2 nm. Then, the Cu layer was 

deposited, with HiPIMS process parameters of 100 W, 400 Hz, 100 μs 
pulse width, and 4 % duty cycle. During the Cu layer deposition, the 
operating Ar gas pressure was set as 0.5 Pa, 1.0 Pa, 1.5 Pa, 2.0 Pa, and 
2.5 Pa, while the corresponding sputtering time was also adjusted to 
ensure the identical thickness of 100 ± 10 nm. The schematic diagram of 
the multi-target magnetron sputtering setup used to deposit Ti and Cu 
films is shown in Fig. 1(a), and the schematic structure of the PDMS 
sample and the PDMS/Si sample are shown in Fig. 1 (b) and (c). 

2.2. Characterization methods 

A Quanta 250 FEG scanning electron microscope (SEM) equipped 
with energy dispersive spectroscopy (EDS) was used to investigate the 
surface morphology and composition of the sample, with a voltage of 2 
kV and a current of 0.25 pA. 

The wrinkling and folding patterns and surface roughness of the test 
samples were studied using a scanning probe microscope (Dimension 
ICON, Bruker, USA) instrument. The scanning range was 50 × 50 μm. 

The phase composition of the samples was determined by a Brucker 
D8-Advance X-ray diffractometer (XRD) at Cu Kα radiation (wavelength 
λ = 0.15406 nm). The instrument had a tube voltage and current of 40 
kV and 40 mA, respectively, with a scan step of 0.02◦ and an acquisition 
time of 0.3 s per step. 

Talos F200x transmission electron microscope (TEM) was used to 
analyze the cross-section morphology and microstructure of the test 
samples before and after wetting. 

The liquid metal consists of a mixed gallium and indium, with a mass 
ratio of 75:25 (purity 99.99 %, Beijing Founde Star Sci. & Technol. Co., 
Ltd.). Under the protection of nitrogen at 60 ◦C, the mixture was heated 
and stirred for 30 min to obtain liquid metal EGaIn. 

A Dataphyscis DCAT21 contact angle meter was used to measure the 
contact angles of LMs on the test samples. The test sample and the cover 
glass are placed in a glass chamber with dimensions of 10 cm × 10 cm ×
10 cm. A 3–5 μL EGaIn droplet is dropped on the substrate through a 0.5 
mm diameter syringe. At the same time, HCl solution is dropped on the 
cover glass at the edge, and the HCl vapor evaporates within 10 s, filling 
the chamber to eliminate the oxide layer on the surface of the EGaIn and 
Cu film. To reduce experimental errors, at least three points are taken for 
repeated testing of each sample, and the average value is calculated. 

3. Results and discussion 

3.1. Surface morphology of metal films 

The surface morphology of the Cu film is shown in Fig. 2. Fig. 2(a) 
and (c) are nano-scale scanning electron microscope (SEM) images, and 
Fig. 2(b) and (d) are micron scale Atomic force microscope (AFM) im-
ages. Fig. 2(a) presents a SEM image of the Cu film on PDMS, wherein 
Figs. 2(a-1) illustrates that the Cu film deposited on the PDMS substrate 
at a pressure of 0.5 Pa exhibits a uniform and fine grain structure. As the 
deposition pressure increases to 1.0 Pa (Fig. 2(a-2)), the surface becomes 
smooth. At 1.5 Pa (Figs. 2(a-3)), some cavities and cracks start to emerge 
on the surface, while at pressures of 2.0 Pa and 2.5 Pa (Figs. 2(a-4) and 
Fig. (a-5)), cauliflower-shaped structures along with increasing cracks 
can be observed on the surface. Fig. 2(c), demonstrates the surface 
morphology of the Cu film on PDMS/Si, where a similar trend is 
observed as that of the PDMS substrate when subjected to increasing 
deposition pressure conditions. Due to constraints imposed by the un-
derlying wafer [46], cracking occurs earlier at a deposition pressure of 
1.5Pa(Figs. 2(c-3)), and higher density is achieved under certain depo-
sition pressure(Figs. 2(c-4) and Fig. 2(c-5)). The results show that both 
the substrate and the deposition conditions of metallic films can have a 
significant impact on their mechanical properties; therefore, designers 
should consider these factors when utilizing such films in flexible elec-
tronic devices. 

The wrinkling and folding patterns play a crucial role in determining 
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the wetting behavior [48,49]. These patterns primarily result from re-
sidual stress in the films and variations in mechanical properties be-
tween metal films and the underlying PDMS [47,50,51]. As depicted in 
Fig. 2(e), due to the thermal radiation and particle bombardment during 
film deposition, the temperature of PDMS substrate will increase 
significantly, resulting in its thermal expansion and the tensile stress in 
the metal film. After deposition, under the ambient temperature, the 
PDMS substrate is thermally contracted and the metal film exhibits 
compressive stress. Under various deposition process, the metal film can 
have different stress state. With appropriate pressure, the metal film 
could have a low stress and show smooth surface, once the total stress 

exceeds a certain critical value, wrinkle or crack can appear to release 
stress in the films, resulting in crumbling of the film. The fold wave-
length represents the distance between two adjacent folding peaks, 
whereas amplitude refers to the distance between peaks and valleys. 

The AFM images presented in Fig. 2 provide an insight into the 
characteristics of the test samples. At a pressure of 0.5 Pa (Figs. 2(b-1)), 
distinct folded structures with a wavelength of approximately 4.89 μm 
and an amplitude of 302.61 nm can be observed on the surface of PDMS 
samples. Further details are provided in Table 1. In contrast, at a pres-
sure of 1.0 Pa, no folding or wrinkling patterns are visible (Fig. 2(b-2)). 
The surface appears smooth without any noticeable features. However, 

Fig. 1. (a)Schematic diagram of the deposition system for film, (b) Schematic of PDMS sample structure, (c) Schematic of PDMS/Si sample structure.  

Fig. 2. SEM and AFM images of the samples on (a), (b) PDMS and (c), (d) PDMS/Si substrate at 0.5 Pã2.5 Pa deposition pressure and (e) schematic diagrams of the 
formation of pleated and folded structures [47]. 
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within the pressure range of 1.5–2.5 Pa, a ridge or quadrilateral feature 
reemerges on the surface. Table 1 includes corresponding average 
roughness (Ra) values that demonstrate a decrease from the maximum 
value of 87.53 nm at a pressure of 0.5 Pa to the minimum value of 6.24 
nm at a pressure of 1 Pa. Within the pressure range of 1.5–2.5 Pa, the 
roughness stabilizes within an average range between 30 and 40 nm. 

The AFM images in Figs. 2(d-1) depict metal films on PDMS/Si. At a 
pressure of 0.5 Pa, the surface exhibits conventional wrinkles with a 
wavelength of approximately 6.37 μm and an amplitude of around 
300.14 nm. As the pressure increases beyond 1.0 Pa, the surface be-
comes significantly smoother, as shown in Fig. 2(d-2) to (d-5). The 
corresponding roughness average (Ra) values presented in Table 1 
indicate that at 0.5 Pa, a maximum value of 75.43 nm is achieved, fol-
lowed by a rapid decrease and stabilization at approximately 2 nm for 
deposition pressure ranging from 1.0 Pa to 2.5 Pa. 

According to the SEM and AFM results described above, the Cu films 
on both substrates exhibit similar morphological characteristics with 
increasing deposition pressure. As the deposition pressure increases, 
there is a higher frequency of collisions between deposited atoms, 
leading to a decrease in deposition energy and nucleation location. 
Consequently, larger particles form on the substrate surface [52,53]. 
Moreover, the reduced influx of adsorbed atoms facilitates their surface 
diffusion, resulting in larger particles. When deposited under identical 
pressures, the metal film formed on PDMS demonstrates coarser prop-
erties compared to that formed on PDMS/Si. This disparity arises from 
the lesser deformation of PDMS/Si substrate during deposition [46], 
which enables easier atom spreading across its surface and consequently 
leads to larger particles and a more regular appearance. Consequently, 
samples on PDMS/Si exhibit lower roughness compared to those 
composed solely of PDMS (as shown in Table 1). Notably, when the 
deposition pressure exceeds 1.0 Pa, the PDMS/Si folded wavelength 
measurement exceeds 50 μm, and the corresponding amplitude is too 
small to be used for evaluation purposes. 

3.2. Crystal structure of the deposited metal films 

The crystal structure of metal films can significantly impact their 
chemical activity, resulting in variations in interfacial interactions and 
wetting behaviors with LMs. Fig. 3 illustrates the X-ray diffraction (XRD) 
patterns of the metal films deposited on both PDMS and PDMS/Si sub-
strates. Both Cu films on PDMS and PDMS/Si exhibit a polycrystalline 
structure characterized by a face-centered cubic lattice (FCC), displaying 
mixed reflections of (111), (200), and (220) corresponding to the FCC 
Cu phase [54–56]. No discernible diffraction peak associated with Ti is 
observed, possibly due to its relatively thin thickness. 

The integrated areas of Cu(111) and Cu(200) on PDMS and PDMS/Si 
substrates, as well as their ratio (I(111)/I(200)), are presented in Fig. 4. 
Here, I (111) is defined as the integral area of the Cu (111) peak and I (200) 
as the integral area of the Cu (200) peak. I (111)/I (200) indicates the 
degree of optimization of the Cu film for the orientation of the (111) 
crystal [57]. On the PDMS substrate, I(111) of Cu films decreases grad-
ually with increasing deposition pressure. While, on the PDMS/Si sub-
strate, I(111) drops sharply at 1.0 Pa and then slowly decreases with 
increasing deposition pressure. In addition, on both substrates, 
I(111)/I(200) ratio shows a gradual increase in and then declines with 
increasing deposition pressure. The I(111)/I(200) ratio on the PDMS sub-
strate decreases significantly at 2.0 Pa, while the ratio remains stable 
after 2.0 Pa for the PDMS/Si samples. For the PDMS sample (Fig. 4(a)), 
the peak I(111)/I(200) ratio of the Cu film covered with PDMS at a pressure 
of 1.0 Pa was found to be 5.46, surpassing the initial value of 4.94 at 0.5 
Pa. However, this ratio decreased to a minimum value of 1.88 when the 
pressure was increased to 2.5 Pa. In contrast, for the PDMS/Si substrate 
(Fig. 4(b)), as the pressure increased from 0.5 Pa to 1.5 Pa, there was an 
increase in I (111)/I (200), reaching its maximum value of 4.21 before 
decreasing to 3.16 at 2.5Pa. It is obvious from Fig. 4 that the I(111) value 
of PDMS/Si is greater than that of PDMS under each deposition pressure. 
This indicates that Cu films on PDMS/Si have better crystallinity. In 
addition, from I(111)/I(200), the Cu film on PDMS/Si shows a more 
obvious Cu(111) crystal orientation than that of PDMS at high deposi-
tion pressure. In addition, theoretical calculations show that the surface 
energy of Cu(111) is about 1.793 J/m2 [58], and the surface energy of 
Cu(200) is about 1.081 J/m2 [59]. It is obvious that the activity of Cu 
(111) is higher than that of Cu(200). 

3.3. Wetting behavior of LMs 

The contact angle of EGaIn liquid on different samples is illustrated 
in Fig. 5. LMs exhibit superior wetting characteristics on PDMS/Si 
samples compared to PDMS substrates. On the PDMS substrate, the 
contact angle of LMs increases from 33.4◦ to 79.5◦ with increasing 
deposition pressure. In contrast, on PDMS/Si test samples, the contact 
angle initially decreases to 19.0◦ at 1.5 Pa and then gradually increases 
as deposition pressure rises. 

The morphology and composition of the wetted samples were 
investigated using scanning electron microscopy (SEM) and energy 
dispersive spectroscopy (EDS), revealing the interface characteristics 

Table 1 
Roughness, wavelength, and amplitude of Cu films.  

Pressure Substrate 0.5Pa 1.0Pa 1.5Pa 2.0Pa 2.5Pa 

PDMS Ra (nm) 87.53 ±
2.41 

6.24 ±
0.41 

36.90 
± 1.80 

35.37 
± 2.00 

29.33 
± 1.40 

Wavelength 
(μm) 

4.89 ±
0.08 

18.96 
± 1.25 

24.51 
± 0.18 

18.07 
± 0.09 

14.94 
± 0.18 

Amplitude 
(nm) 

302.61 
± 7.84 

14.71 
± 3.11 

138.4 
± 5.25 

99.59 
± 2.02 

87.75 
± 6.03 

PDMS/ 
Si 

Ra (nm) 75.43 ±
9.01 

1.30 ±
0.48 

2.08 ±
0.46 

1.56 ±
0.33 

1.90 ±
0.43 

Wavelength 
(μm) 

4.28 ±
0.11 

＞50 

Amplitude 
(nm) 

300.14 
± 8.37 

5.76 ±
1.53 

/  

Fig. 3. XRD pattern of Cu films on (a) PDMS and (b) PDMS/Si.  
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and structural evolution. Fig. 6 illustrates three distinct regions on the 
wet surface of the PDMS/Si sample at 1.5 Pa. Region I corresponds to an 
excess EGaIn region, where LMs can be detected. The energy spectrum 
demonstrates an enrichment of Ga and In elements in this region, with a 
few scattered Cu atoms present. Region II represents the transitional 
area of the wetting reaction, exhibiting white crystals nearby. The EDS 
reveals an overlap of Cu and Ga elements in Region II, indicating their 
wetting reaction. Additionally, some weak In element signals appear in 
the area adjacent to Region I, suggesting slight infiltration of EGaIn. 
Notably, the Cu element shows significant enrichment during EDS 
analysis while Ga and In elements are absent in this region, strongly 
indicating that LMs did not reach zone III during the wetting test， thus 
confirming it as an unreacted area. 

The high-resolution transmission electron microscopy (HRTEM) 
images of the metal film before and after the wetting test, as well as the 
energy dispersive X-ray energy spectrometry (EDS) results of the 

sample’s cross-sectional area, selective area electron diffraction (SAED) 
image in region II, and X-ray diffraction (XRD) data are presented in 
Fig. 7. Analysis of Fig. 7(a) and (b) reveals that the grain size of the films 
is approximately 40 nm before wetting testing, which increases to over 
200 nm post-wetting testing. In detail, Figs. 7(b-1) and (b-2) show the 
electron diffraction patterns from TEM after wetting test. By comparing 
the calibration of the electron diffraction patterns with the international 
centre for diffraction data (ICDD) (Fig. 7(d)), the CuGa2 was determined 
in the wetting area. EDS imaging in Fig. 7(c) confirms only the presence 
of Cu and Ga elements within the transition region’s cross-section, with 
no evidence of In elements detected. This further supports that the re-
action between Cu thin films and LMs exclusively involves Cu and Ga 
atoms. Additionally, Fig. 7(c)’s nanoscale Ti transition layer affirms 
excellent stability between PDMS and LMs. Based on X-ray diffraction 
analysis from region II in Fig. 7(d), it can be concluded that the 
diffraction intensity of CuGa2 significantly surpasses that of the Cu layer, 
providing further confirmation that CuGa2 is a product resulting from 
wetting reactions. 

3.4. Discussion on LMs wetting mechanism 

It is widely acknowledged that the chemical composition and surface 
morphology of materials exert a crucial influence on their wetting 
behavior [60–62]. The wetting behavior of LMs seems to be affected by 
the chemical reaction between the Cu film and LMs [63], as evidenced 
by the interfacial characteristics and structural evolution depicted in 
Figs. 6 and 7. Moreover, following the Cassie model [64], when a droplet 
adheres to a surface, air occupies the gaps between micro-convex bodies 
or on the surface. These air-filled gaps diminish the effective contact 
area, ultimately resulting in a hydrophobic state. 

In comparison to PDMS, the wettability of LMs on PDMS/Si samples 
surpasses it, as evidenced by the surface morphology (Fig. 2), the crystal 
structure of the Cu layer (Fig. 4), and wetting results (Fig. 5). Both PDMS 
and PDMS/Si samples exhibit unidirectional wrinkle structures on their 
surfaces at a pressure of 0.5 Pa, which hinders air bubble capture and 
promotes the reaction between LMs and Cu resulting in a low contact 
angle. However, as the deposition pressure increases, the PDMS sample 
surface exhibits a quadrilateral shape, which may effectively entrap air 

Fig. 4. The I(111), I(200) and I(111)/I(200) on (a) PDMS, (b) PDMS/Si.  

Fig. 5. LMs contact angle for samples on PDMS and PDMS/Si substrates.  

Fig. 6. (a) SEM images of the wet surface of PDMS/Si sample at 1.5 Pa,(b)EDS spectrum in Region II.  
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bubbles. Moreover, elevated deposition pressures lead to the prolifera-
tion of more surface cracks. Additionally, owing to the absence of a rigid 
substrate beneath the PDMS, the metal film exhibits high sensitivity and 
may form minute cracks under bending, stretching, or contact with the 
sample [65]. Along these crack sites, the liquid metal can enter into and 
contact with the exposed PDMS. The contact area between liquid metal 
and Cu films diminishes, while more liquid metal would contact with 
PDMS. These combined factors may result in a reduced actual contact 
area between the liquid metal and Cu films, leading to an increased 
contact angle. We will call this model I as shown in Fig. 8. The wetting 
behavior of liquid metal on PDMS/Si samples is influenced by the crystal 
structure of the Cu layer under deposition pressure ranging from 1.0 to 
2.5 Pa. It should be noted that a clear correlation between the contact 
angle and the I(111)/I(200) ratio emerges when the surface flatness is 
ensured, possibly due to the enhanced wetting reaction resulting from 
Ga atom diffusion on Cu(111). We will call this model II as shown in 
Fig. 8. 

4. Conclusion 

In this study, we manipulated the surface microstructure and 
morphology of a Cu film to investigate its influence on the wettability of 
EGaIn liquid metals. The wettability of EGaIn was observed to range 
from 19◦ to 79.5◦ as a result. This variation in wettability can be 
attributed to the chemical reaction between the Cu layer and EGaIn, 
with CuGa2 identified as the primary reaction product. The presence of 
entrapped air bubbles on surfaces exhibiting wrinkled structures reduces 
the effective contact area between LMs and Cu, increasing the contact 
angle. Conversely, smooth surfaces with a higher I(111)/I(200) ratio in the 
Cu layer facilitate Ga atom diffusion and promote wetting reactions. Our 
research provides valuable insights into how surface modifications can 
significantly impact the wettability properties of LM-based systems, 
thereby holding great potential for various applications. 
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