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Substrate Patterning Effect on the Wetting Behaviour and Intermetallic  
Formation of SnCu Alloy

This paper explains the effect of a micro-patterned substrate fabricated via photolithography on soldering applications. The 
dimple micro-pattern was fabricated on the copper substrate with a 100-500 μm diameter with a fixed depth of 25±2 µm. The dimple 
micro-pattern substrate was metallurgically joined with Sn-0.7Cu lead-free solder in the reflow process. The dimple micro-pattern 
was examined using an optical microscope (OM) to observe all the critical parameters of the photolithography. The depth of the 
dimple(s) was observed and measured using a 3D surface profiler. The solder joints of the dimple micro-patterned substrate and 
the Sn-0.7Cu solder alloy were analysed in terms of their solderability, wettability, formation of intermetallic compounds (IMCs), 
and microstructures to determine the influence of dimple micro-patterning on the performance of the Sn-0.7Cu solder alloy. It was 
observed that a fixed depth of 25±2 µm was achieved for all dimple diameters at an etching time of 45 minutes. In terms of the 
performance of Sn-0.7Cu solder alloy on a micro-patterned substrate, it can be seen that as the diameter of the dimples increases, 
the flow rate and spreading area increase. At the same time, the IMC thickness decreased as the dimple’s diameter increased. The 
dimple micro-pattern substrate enhances copper diffusion, which reduces the β-Sn area and promotes Cu-Sn intermetallic forma-
tion, resulting in a rich, fine eutectic area of solder compared to its non-patterned counterpart.
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1. Introduction

Previously, in the electric and electronic industry, Pb-based 
solders have been widely used due to their good wettability, 
mechanical properties, and low melting points, especially in 
assembling electronic circuits. However, the European Union 
(EU) has begun to take action by banning the use of lead in 
electrical and electronic products through the adoption of two 
directives, which require the removal of Pb from any end-of-life 
electrical or electronic components. The Restriction of Hazard-
ous Substances (RoHS) banned the use of lead in all electric and 
electronic components manufactured since July 1, 2006. The EU 
Mandates by WEEE and RoHS have driven many electronic 
industries to migrate toward Pb-free solder due to the toxicity 
of lead solder alloys [1]. However, Pb-free solder alloys have 
poorer wetting characteristics than tin (Sn)-Pb solders, which 
increases the risk of solder defects. To improve the properties 

of Pb-free solder alloys, various types of research have been 
conducted to enhance their composition, including copper (Cu), 
silver (Ag), bismuth (Bi), nickel (Ni), and antimony (Sb). One 
promising method is modifying the substrate surface to achieve 
better solder joints [2-3]. 

Surface texturing is a surface modification technique that 
intentionally alters the surface texture [4], resulting in an im-
provement in the performance of the mechanical components 
[5]. Various technologies are applied to modify the surface char-
acteristics in accordance with specific applications. The surface 
modification of the solder substrate to improve the properties 
of lead-free solder alloys was done by several methods, such as 
surface peening, laser surface texturing (LST) [6-9], lithography 
[10-12], electrochemical machining and wet chemical etch-
ing. One method that suits soldering applications is the use of 
photolithography. Photolithography is a method for producing 
various texture patterns on substrate surfaces using UV light. 
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Surface-modified substrates with micro-patterns, such as dimples 
fabricated through photolithography, are promising for electronic 
packaging applications, enhancing the wettability and solderabil-
ity of lead-free solders. It is believed that the surface roughness 
of the micro-patterned copper substrate influenced the fluidity 
behaviours of the molten solder [13].

The steps in photolithography fabrication methods sig-
nificantly influence the fabrication of micro-patterns on the 
copper substrate, and the effectiveness of dimple micro-pattern 
fabricated via photolithography on the copper substrate for lead-
free solders such as Sn-0.7Cu is yet to be thoroughly reported. 
Therefore, this study aims to present the performance of the 
dimple micro-pattern that is controlled in the photolithography 
step. The effect of surface texturing of the copper substrate on 
the wettability of lead-free solder will be analysed to enlarge its 
potential application in electronic packaging. 

2. Experiment 

A high-purity copper plate (99.9%) with dimensions of 
15 mm × 15 mm × 1 mm was employed as the substrate in this 
study, while Sn-0.7Cu served as the lead-free solder material. 
Dimple micro-patterns were fabricated on the copper surface 
using a standard photolithography technique. Prior to patterning, 
the copper substrates were mechanically ground and polished to 
achieve a smooth and scratch-free finish. 

The photolithographic process involved several sequential 
steps: photoresist application via spin coating, soft baking, ul-
traviolet (UV) exposure, development, chemical etching, and 
photoresist removal. The design of the dimple micro-patterns 
with various diameters was created using AutoCAD and trans-
ferred to the substrate through a photomask. The pattern forma-
tion was governed by the masked regions during UV exposure. 
For coating, 2 mL of positive photoresist was applied and 
spin-coated at 850 rpm for 15 seconds, followed by 3000 rpm 
for 30 seconds, then held for 15 seconds before soft baking at 
90°C for 90 seconds. The sample was then exposed to UV light 
using a mask aligner for 120 seconds. Subsequent development 
using RD-6 developer for 100-120 seconds removed unexposed 
photoresist, allowing pattern transfer onto the copper substrate. 
Etching was performed using ferric chloride (FeCl3) as the 
chemical etchant to selectively remove unprotected copper, 
forming a dimple pattern with an average depth of 25±2 µm. 
The etching depth was dependent on the duration and pattern 
design. A hard bake was conducted at 90°C for 60 s to stabilise 
the patterns. The resulting micro-patterns were analysed using 
an optical microscope (OM) for morphological characterisation 
and a 3D profiler to quantify the dimple depths. TABLE 1 lists 
the sample parameters and codes.

The Sn-0.7Cu solder alloy was prepared using the conven-
tional casting technique. A 0.4 g solder ball was placed on each 
dimple micro-patterned sample and reflowed in an oven with the 
aid of a small amount of mildly activated (RMA) flux. A non-
patterned copper substrate was used as a control to assess the 

impact of surface patterning on solder behaviour. The spreading 
behaviour of the solder was visually examined and quantitatively 
assessed using ImageJ software. For microstructural analysis, 
all samples were mounted in epoxy resin and then subjected to 
standard grinding and polishing procedures. Cross-sectional 
samples were observed using an optical microscope (OM), and 
the contact angles between the solder and both patterned and 
non-patterned substrates were measured using ImageJ. The in-
termetallic compound (IMC) layer formed at the solder-substrate 
interface was also evaluated in terms of thickness and morphol-
ogy. The patterned samples were compared against non-patterned 
substrates to evaluate the effect of surface micro-patterning on 
solderability performance.

3. Results and discussion

3.1. Surface morphology of the dimple micro-pattern

The specification inspection for the micro-patterned surface 
was conducted to observe the critical parameters of the photoli-
thography process, ensuring adequate development of the micro-
pattern was achieved. Micro-patterns on the copper substrate 
need to align precisely to ensure that no defects are transferred 
to the micro-patterns. Therefore, any misalignment, critical di-
mensions, and surface irregularities, such as scratches, pinholes, 
stains, contamination, and effects, were observed during the 
dimple micro-pattern fabrication process. Fig. 1 depicts the opti-
cal image and the dimple profile of all copper substrate samples. 

Optical microscopy analysis confirmed that all dimple 
micro-patterns were uniformly and precisely aligned on the 
copper substrates. Dimples fabricated under conditions TD100 to 
TD500 exhibited consistently circular geometries. Among them, 
TD500 required the longest average etching time, approximately 
45 minutes to attain a dimple depth of 25±2 µm. In contrast, 
TD100 demonstrated the shortest average etching time, reduced by 
66.67% relative to TD500. As the dimple diameter decreased from 
TD500 to TD200, etching times progressively decreased, with TD200, 
TD300, and TD400 requiring 25, 30, and 38 minutes, respectively, 
corresponding to reductions of approximately 44.45%, 33.33%, 
and 15.55%. These variations are attributed to the smaller etching 
area in samples with smaller dimple patterns.

Overall, the photolithography process proved highly ef-
fective for fabricating precise and well-defined micro-patterns. 
Its high resolution enabled the formation of sharp, scalable, and 
geometrically accurate features across a range of dimple sizes 
on the copper substrate.

Table 1
Dimple micro-pattern parameters

Dimple Features
Samples

TD100 TD200 TD300 TD400 TD500

Diameter (µm) 100 200 300 400 500
Distance (µm) 300

Depth (µm) 25 ± 2
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3.2. Spreading and wetting of Sn-0.7Cu on patterned 
copper substrate

Fig. 2 presents the macroscopic images, spreading area and 
flow rate of solidified Sn-0.7Cu solder on both non-patterned 
and micro-patterned copper substrates. Quantitative analysis was 
performed to evaluate the spreading area and average flow rate 
of molten solder across the different substrate surfaces. The find-

ings reveal that the introduction of dimple micro-patterns on the 
copper substrate significantly influences the wetting behaviour of 
the solder. Specifically, the incorporation of micro-patterns led to 
an overall increase in both the average flow rate and spreading 
area of the solder when compared to the non-patterned substrate. 
However, as the dimple diameter increased, both the flow rate 
and spreading area showed a declining trend, likely due to in-
creased flow resistance caused by the patterned topography.

Fig. 1. Optical images and profiles of dimple micro-textured copper substrate, (a) TD100, (b) TD200, (c) TD300, (d) TD400, and (e) TD500

Fig. 2. Microscopic images, spreading area and flow rate of solder
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Notably, the TD500 sample exhibited the largest dimple 
diameter among the patterned substrates and demonstrated 
a relatively high flow rate and spreading area, approaching the 
values observed for the non-patterned surface. This behaviour 
may be attributed to the reduced surface resistance and the 
near-equivalence in effective surface openness between TD500 
and the flat substrate.

A higher driving force is generally required to facilitate sol-
der spreading over patterned surfaces within a given timeframe. 
Among all tested samples, the non-patterned substrate exhibited 
the highest average flow rate (21.96 mm2/s), facilitated by its 
smooth surface, which enabled unimpeded spreading of molten 
solder. These observations align with the findings of Satyanaray-
an et al. [14], who reported that surface roughness critically af-
fects wetting behaviour by altering the interfacial area available 
for liquid spreading. In contrast, the dimple-patterned substrates 
showed lower flow rates, attributed to the microstructures imped-
ing lateral solder movement. The entrapment of molten solder 
within the dimples suggests a wetting regime consistent with the 
Wenzel state, resulting in reduced spreading areas.

The contact angle is defined as the angle formed between 
the tangent at the triple-phase boundary (solid-liquid-vapor) 
and the solid substrate surface, serving as a key indicator of the 
wettability of molten solder. Fig. 3 illustrates the contact angle 
(θ) measurements of Sn-0.7Cu solder on both non-patterned and 
dimple micro-patterned copper substrates. A significant reduction 
in contact angle was observed for the dimpled surfaces compared 
to the non-patterned substrate, indicating enhanced wettability 
induced by surface texturing.

Fig. 3 Average solder’s contact angle (θ°)

The non-patterned copper substrate exhibited the highest 
contact angle, measured at 40.8°, reflecting relatively poor wet-
ting. In contrast, substrates patterned with dimple arrays ranging 
from TD100 µm to TD400 µm exhibited substantially lower contact 
angles, ranging from 24° to 27°. This reduction is attributed to 
the capillary action and entrapment of molten solder within the 
micro-dimples, consistent with the Wenzel wetting regime [15]. 
According to the Wenzel model, increased surface roughness 
enhances the actual contact area between the liquid and the solid, 
thereby promoting improved wettability.

The introduction of micro-patterned features modifies the 
surface topography and amplifies surface energy effects, thereby 
reducing the contact angle, as reported by prior findings [16]. 
Kubiak et al. [17] similarly reported that minor increases in sur-
face roughness can significantly enhance wetting behaviour. 
Notably, the TD500 substrate exhibited a higher contact angle 
of 37.3°, which approaches that of the non-patterned substrate. 
This is likely due to its relatively large dimple diameter, which 
minimises the topographical influence on wetting behaviour, 
resulting in reduced enhancement of solder spreading.

3.3. Formation of the intermetallic compound

The shear strength and reliability of solder joints are largely 
governed by the thickness of the intermetallic compound (IMC) 
layer formed at the solder/substrate interface, which reflects the 
extent of interfacial reactions between the molten solder and the 
base metal [18]. While a well-formed IMC layer is essential for 
metallurgical bonding, excessive IMC growth can compromise 
joint reliability due to the inherent brittleness of these compounds 
[19-20].

Fig. 4 displays the morphology of the IMC layer formed at 
the interface between Sn-0.7Cu solder and both non-patterned 
and micro-patterned copper substrates. The corresponding av-
erage IMC thicknesses are presented in the bar chart in Fig. 5. 
It was observed that dimple-patterned substrates consistently 
exhibited thicker IMC layers than the non-patterned surface, 
with a progressive increase in IMC thickness from TD100 to TD500. 
Among all samples, the TD500 substrate recorded the greatest 
average IMC thickness of 3.78 µm, while TD100 exhibited the 
lowest at 2.89 µm.

Fig. 4. Morphology of IMC layer formed on (a) non-textured substrate, 
(b) TD100µm, (c) TD200µm, (d) TD300, (e) TD400, and (f) TD500

The increase in IMC thickness on micro-patterned sub-
strates is attributed to the enhanced effective surface area pro-
vided by the dimple structures. These patterns facilitate a greater 
diffusion interface for copper atoms, as illustrated in Fig. 6. 
During soldering, molten Sn-0.7Cu wets the copper substrate, 
initiating interfacial reactions that form a Cu-Sn IMC layer. The 
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diffusion of copper from the substrate and tin from the solder 
continues until the system reaches supersaturation [20]. This 
extended diffusion path, due to the increased surface topography, 
promotes greater IMC formation.

Although an increase in IMC thickness generally correlates 
with reduced mechanical integrity, particularly when the IMC 
exceeds a critical thickness (~10 µm), all observed IMC layers 
remained below this threshold. The dimple-patterned substrates 
showed elevated IMC thicknesses compared to the non-patterned 
surface; however, none exceeded the range associated with joint 
failure, suggesting that the enhanced interfacial area does not 
compromise joint reliability within the studied parameters.

Fig. 7 shows the microstructure of the bulk Sn-0.7Cu on 
a non-patterned and dimple micro-patterned copper substrate. 
The microstructure of the solidified eutectic Sn-0.7Cu bulk solder 
consists of two regions; Sn-rich dendrites β-Sn and eutectic re-
gion (Sn + Cu6Sn5) [20]. The melting process of casting Sn-0.7Cu 
solder bulk resulted in the formation of the eutectic phase. The 
morphology features of the IMC formed between the Sn0.7Cu 
solder and non-patterned copper substrate differed from those 

of the IMC formed between the Sn0.7Cu solder and patterned 
copper substrate. The patterned surfaces in Fig. 7(b) to Fig. 7(f), 
when compared, show a massive region of white dendrites rela-
tive to (a), which is a region rich in fine eutectics. The increasing 
amount of copper diffused from TD100µm to TD500µm reduces the 
β-Sn area and increases the Cu-Sn intermetallic formation, result-
ing in a rich fine eutectic area in TD500µm compared to TD100µm. 
The grain size of the β-Sn-rich area of the solder was believed 
to be refined by copper, as Cu reacts with Sn to form Cu6Sn5 
IMC particles, acting as heterogeneous nucleation sites during 
the solidification process [20].

4. Conclusions

This study presents the fabrication of dimple micro-patterns 
on high-purity copper substrates (99.9%) via a photolithography-
based approach. Successful formation of micro-patterns required 
precise process control, particularly during the development 
and etching stages. A consistent dimple depth of 25±2 µm was 

a b c 

f e d 

Fig. 5. Average thickness of the IMC in the solder

Fig. 6. Schematic illustration of copper diffusion on non-textured and textured copper substrate
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achieved following 45 minutes of etching. Dimple-patterned 
samples with varying diameters (TD100-TD400) exhibited reduced 
spreading areas and slower molten solder flow rates compared 
to the non-patterned substrate during reflow. In contrast, the 
TD500 sample demonstrated a significantly larger spreading area 
and enhanced solder flow rate, attributable to its larger dimple 
size, which closely resembles that of the non-patterned surface. 
Furthermore, patterned substrates showed lower average con-
tact angles than the non-patterned copper, indicating improved 
wettability. The introduction of micro-patterns also promoted 
greater interfacial diffusion of copper into the solder, resulting 
in thicker intermetallic compound (IMC) layers. Microstructural 
analysis revealed dendritic formations in the TD100 region, while 
the TD500 sample featured a microstructure enriched with fine 
eutectics. In short, as the conclusion, the implementation of 
dimple micro-patterns on copper substrates via photolithography 
enhances the solderability of Sn-0.7Cu lead-free solder, offer-
ing improved wetting behaviour, solder flow, and interfacial 
microstructure characteristics.
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