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A B S T R A C T

Controlling the grain orientation of Sn is vital for enhancing the electromigration reliability of solder joints, 
particularly in fine-pitch applications where joints may consist of a single grain. In this study, we investigate the 
use of preferentially grown α-CoSn3 to influence Sn orientation. Firstly, α-CoSn3 formed at the Sn/Co interface 
during reflow at 267 ◦C exhibited orientation-dependent growth. Its texture was improved via ion milling, which 
selectively removed smaller, misoriented grains and preserved well-anchored, favorably oriented ones. This 
treatment significantly improved the overall crystallographic alignment, with the (600) planes of α-CoSn3 ori
ented nearly perpendicular to the substrate and the (002) planes parallel to the substrate. Subsequently, Sn 
powders were melted and solidified on the textured α-CoSn3 surface to induce a preferential orientation, guided 
by lattice matching. A modified edge-to-edge lattice matching model, predicted the (101) β-Sn/(600) α-CoSn3 
with [010] β-Sn/[010] α-CoSn3 as the favorable pairs. EBSD analysis confirmed this prediction, indicating that 
the [001] axes of the Sn grains nucleated on ion-milled α-CoSn3 were oriented mostly within 30◦ of the substrate 
plane. These results demonstrate that the ion-milled α-CoSn3 surface enables effective Sn orientation control, 
offering a practical route for improving solder joint reliability.

1. Introduction

The packaging density of electronic components has significantly 
increased owing to the continuing miniaturization of electronic prod
ucts, which, in turn, has resulted in a reduction in the size of solder joints 
[1,2]. Common Pb-free solders typically contain over 95 % Sn [3]. When 
the joint size is reduced below 100 µm, each solder joint often consists of 
a single nucleation event, resulting in either a single Sn grain or cyclic 
twin structure [4,5].

Sn exhibits pronounced anisotropy owing to its unique tetragonal 
crystal structure. The coefficient of thermal expansion and Young’s 
modulus along the c-axis are approximately two and three times those 
along the a/b axes, respectively [6,7]. Moreover, the diffusion co
efficients of common solutes (Cu [8], Ag [9], and Ni [10]) along the c- 
axis are significantly higher than those along the a/b axes. Thus, the 
reliability of solder joints depends strongly on the orientation of Sn 
grains [11]. When the c-axis of Sn is aligned parallel to the direction of 

the current, the joint suffers more severe electromigration-induced 
damage [12–14]. This typically manifests as substrate depletion at the 
cathode side and excessive intermetallic compounds (IMCs) precipita
tion at the anode side, shortening the lifetime of the solder joint [11]. In 
contrast, when the c-axis is perpendicular to the current flow, 
electromigration-induced damage is significantly suppressed, leading to 
improved reliability [15]. Owing to the increased current density in 
miniaturized joints, addressing electromigration reliability is increas
ingly urgent, with the Sn grain orientation being a critical factor 
[16,17].

Thus, effectively controlling the Sn grain orientation in solder joints is 
a crucial challenge. Z.L. Ma et al. innovatively demonstrated that several 
IMCs (PtSn4, CoSn3, and IrSn4) possess crystal structures similar to that of 
Sn [5,18]. For the representative α-CoSn3 IMCs, they proposed orientation 
relationships (ORs) based on the plane-on-plane model, namely: {100} 
Sn/{100}CoSn3 with <001>Sn/<001>CoSn3, and {100}Sn/{100}CoSn3 
with <001>Sn/<010>CoSn3. Therefore, these IMCs can serve as seed 
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crystals to control Sn orientation during solidification. However, this 
approach requires additional processing steps, such as bonding seed 
crystals to the substrate prior to solder ball placement, and the high cost of 
single-crystal seeds limits its industrial feasibility. Nevertheless, this pio
neering work creatively utilized lattice matching to control Sn grain 
orientation in solder joints, provided valuable inspiration for subsequent 
research. Another strategy involves the use of single-crystal Co substrates 
to form orientation-defined CoSn3, which, in turn, can control Sn orien
tation [19]. For example, Sn nucleated on (1010) Co tends to avoid 
aligning its c-axis parallel to the direction of current flow, thereby 
potentially enhancing electromigration resistance. However, the high cost 
of single-crystal Co substrates similarly hinders industrial adoption.

Improving upon these existing approaches to achieve effective control 
of Sn grain orientation remains a critical challenge. Motivated by this, we 
considered whether a processing strategy could be applied to conven
tional polycrystalline Co substrates to enhance the preferred orientation 
of Co–Sn IMCs formed at the interface, thereby improving the feasibility 
of Sn orientation control. We referred to industrial techniques known to 
strengthen crystallographic texture. According to previous studies, in 
thin-film post-processing, film texture can be significantly enhanced 
under ion-beam treatment. Under ion irradiation, grains with specific 
orientations favorable to channeling effects grow preferentially, while 
others are suppressed, leading to the development of a strong texture 
[20,21]. Inspired by these findings, ion-beam processing was introduced 
in this study to improve the orientation characteristics of Co–Sn IMCs. 
Compared with the use of single-crystal seeds, the ion-beam method 
eliminates the need for precise seed transfer and bonding — two highly 
challenging steps — and instead utilizes the standard Co–Sn interfacial 
reaction to in situ generate IMCs layers. This is a spontaneous, scalable, 
and microelectronics-compatible process. Moreover, broad-beam ion 
irradiation enables uniform treatment of large-area samples, demon
strating potential scalability for industrial production.

The aforementioned studies specifically highlight the metal Co due 
to its extensive application potential in the electronics manufacturing 
industry. Co can serve as an effective diffusion barrier layer, suppressing 
excessive formation of brittle Cu–Sn IMCs while forming ductile Co–Sn 
IMCs that ensure excellent interfacial bonding strength and mechanical 
reliability during thermal fatigue testing [22–24]. Furthermore, Co as a 
new interconnect material for next-generation semiconductor devices, 
exhibits excellent electromigration resistance [25,26]. Therefore, sys
tematic investigation of interfacial reactions on Co substrates is essential 
to deepen our understanding of their performance and enable successful 
implementation.

In this study, we explore the potential of α-CoSn3 IMCs for influ
encing Sn grain orientation. First, we observed that even on poly
crystalline Co, the IMCs formed at the Sn/Co interface exhibit certain 
preferential growth characteristics. This preferred orientation can be 
further enhanced via argon ion milling. Subsequently, Sn powders were 
melted and solidified on the ion-milled α-CoSn3 surfaces. The orienta
tion relationships (ORs) were analyzed using the edge-to-edge matching 
model, and the predicted β-Sn/α-CoSn3 orientation pairs were validated 
through electron backscatter diffraction (EBSD) analysis of Sn grains 
nucleated on ion-milled α-CoSn3 surfaces.

2. Experimental

The experimental procedure can be summarized as follows. First, Sn/ 
Co samples were fabricated through a reflow process to form α-CoSn3 
IMCs. Subsequently, excess Sn was chemically removed, followed by ion 
milling treatment to achieve both a planar IMCs surface and enhanced 
crystallographic texture. Finally, Sn powders were reflowed on the 
prepared IMCs surface, and the crystallographic orientation of the 
nucleated Sn grains was characterized via EBSD.

Fig. 1 shows a schematic of the experimental procedure. As shown in 
Fig. 1 (a), the Sn/Co samples were prepared by stacking a 100 µm-thick 

pure Sn foil onto a 5 mm × 5 mm × 1 mm Co substrate (The Nilaco 
Corporation). A commercial SR-12 flux (Senju Metal Industry Co., Ltd.) 
was used to remove surface oxides. The commercial reflow furnace (SMT 
Scope SK-5000, Sanyo Seiko Co., Ltd.) was used for reflow at 267 ◦C for 
10 or 20 min.

Excess Sn after reflow was removed using 10 % HNO3 to expose the 
Sn/Co interfacial IMCs, as shown in Fig. 1(b). The morphology and 
composition of the IMCs were analyzed using a scanning electron mi
croscope (JEOL JSM-IT200). The samples were subsequently subjected 
to argon ion milling (JEOL IB-19530CP), with the ion beams directed 
nearly parallel to the substrate surface. Flat IMCs surfaces were obtained 
after milling at 6  kV for approximately 1 h, as shown in Figs. 1(c) and 
(d).

The crystallographic orientation of the ion-milled IMCs was char
acterized via X-ray diffraction (XRD) and electron backscatter diffrac
tion (EBSD). XRD analysis was performed by D8 DISCOVER (Bruker 
Corporation) with Co Kα radiation in θ/2θ scanning mode. In addition, 
EBSD measurements were carried out with EDAX-TSL system.

For Sn wetting, 150 µm Sn powders (Kojundo Chemical Laboratory 
Co., Ltd.) were melted and spread on the ion-milled α-CoSn3 surfaces 
under reflow at 260 ◦C for 20 s, as shown in Figs. 1(e) and (f). These 
samples were then subjected to further ion milling followed by EBSD to 
analyze the crystallographic orientations of the Sn grains.

3. Prediction of orientation relationships between β-Sn and 
α-CoSn3 using a modified edge-to-edge model

3.1. Modification of the edge-to-edge model

Current orientation control models frequently employ two ap
proaches based on lattice matching: the plane-on-plane model [27,28]
and the edge-to-edge model [29]. Both approaches emphasize the role of 
close-packed planes and directions. A schematic of these two models is 
shown in Fig. 2. As the names suggest, the former assumes that the close- 
packed planes in phase B grow parallel and on top of the planes in phase 
A. If their planar mismatch is low, matching is feasible. In contrast, the 
edge-to-edge model is based on the matching of rows of atoms across the 
interface [29]. In this model, the close-packed planes of phase A and 
phase B act as intersection planes to form the interface, typically with 
their close-packed directions aligned at the edge to establish matching 
directions.

This study based on the phase of β-Sn and α-CoSn3. Specifically, β-Sn 
has a tetragonal structure with the space group I41/amd and lattice 
parameters (a = 5.831 Å, b = 5.831 Å, and c = 3.181 Å). In contrast, 
α-CoSn3 exhibits an orthorhombic crystal structure with the space group 
Cmca and lattice parameters (a = 16.864 Å, b = 6.268 Å, c = 6.270 Å). 
Considering that α-CoSn3 exhibits a natural preferred orientation with 
the (600) close-packed plane nearly perpendicular to the substrate sur
face, ion milling was applied to selectively remove smaller, misoriented 
grains, thereby exposing the edges of the (600) planes that could sub
sequently influence Sn nucleation. Given this configuration, the edge-to- 
edge matching model was primarily employed in this study to predict 
the crystallographic ORs between β-Sn and α-CoSn3.

The conventional model was modified appropriately to enable a 
more comprehensive prediction of ORs. Specifically, when analyzing the 
matching directions between α-CoSn3 and β-Sn, we considered the two 
distinct atom row configurations: straight and zigzag rows. This means 
that any close-packed or nearly close-packed atom rows—even those 
with differing morphologies—can potentially form a matching pair 
[30]. As shown in Fig. 3(a), favorable matching can occur between 
straight and zigzag rows under appropriate geometric conditions. 
Furthermore, we extended our analysis to more complex close-packed 
directions, such as the [011] direction in α-CoSn3, which incorporates 
both straight and zigzag row features.

Two critical parameters, namely the effective interatomic spacing 
and d-value, must be defined before lattice matching calculations. As 
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shown in Fig. 3 (b), the effective interatomic spacing refers to the pro
jected distance between adjacent atoms along the matching directions. 
Atom rows in these directions typically exhibit two distinct configura
tions: straight and zigzag rows. The effective interatomic spacing for 
zigzag rows corresponds to the projected atomic spacing onto a straight 
line, as shown in Fig. 3 (b, c1, and c2). In α-CoSn3, the [011] atom row 
exhibits a more complex structure, incorporating both straight and 
zigzag features. In such cases, the average atomic spacing along this 
direction is used to define the effective interatomic spacing. The d-value 
represents the interplanar spacing between close-packed planes in the 
crystal structure, as shown in Fig. 3 (d1 and d2).

3.2. Prediction of the orientation relationships between β-Sn and α-CoSn3

3.2.1. Identification of the matching directions
The conventional edge-to-edge model was generally followed for 

predicting the ORs between β-Sn and α-CoSn3. In this approach, the 
close-packed or nearly close-packed directions in both phases must first 
be identified to serve as the matching directions. The computational 
procedure necessitates the incorporation of specific crystallographic 
information [31,32]. The effective interatomic spacing was then calcu
lated by considering the atomic coordinates, ultimately yielding the 
close-packed or nearly close-packed directions. The computational re
sults are summarized in Table 1.

The mismatch between β-Sn and α-CoSn3 was evaluated using the 
formula: (fβ − fα)/fα, where fβ and fα denote the effective interatomic 
spacings for β-Sn and α-CoSn3, respectively. Direction pairs with 
mismatch values below 10 % were considered valid [33], as summarized 

in Table 2.

3.2.2. Identification of matching planes
The subsequent step involves identifying the close-packed or nearly 

close-packed planes in both β-Sn and α-CoSn3 as the matching planes. 
These matching planes must incorporate the matching directions 
calculated in the preceding section. The Powder Diffraction File (ICDD 
Card No. 00–048-1813 and 01–086-2264) were consulted to identify the 
high-intensity diffraction planes, which typically correspond to close- 
packed or nearly close-packed planes [31,32]. Subsequently, the d- 
values of the identified planes were carefully evaluated. The corre
sponding planes should generally have a less than 6 % d-value mismatch 
to qualify as valid matching planes [33]. The calculated d-values and 
their corresponding mismatch percentages for β-Sn and α-CoSn3 are 
presented in Tables 3 and 4.

In lattice matching theory, the OR between two phases is determined 
by combining the matching directions and matching planes. Thus, we 
integrated the computed direction-matching and plane-matching pairs 
to deduce possible ORs between β-Sn and α-CoSn3 (Table 5). The lattice 
matching results were plotted to visualize these relationships and are 
shown in Fig. 4. All ORs were categorized into two groups based on 
close-packed plane matching: (200) β-Sn/(600) α-CoSn3 and (101) 
β-Sn/(600) α-CoSn3. Subsequently, we conducted a series of experiments 
to verify whether the predicted ORs exist between β-Sn and α-CoSn3.

Fig. 1. Schematic of the experimental procedure. (a) Sn foil stacked on polycrystalline Co substrate to form the Sn/Co sample, followed by a reflow experiment. (b) 
Interfacial IMCs obtained after removing excess Sn from the reflowed Sn/Co sample using 10% HNO3. (c) Ion milling applied from two directions to the IMCs to 
enhance their preferred orientation. (d) Flat IMCs surface achieved after ion milling. (e) Sn powders placed on the ion-milled IMCs, followed by reflow to form the Sn 
joints in (f).

Fig. 2. Schematic of the plane-on-plane and edge-to-edge matching approaches. (a) The plane-on-plane model, where the close-packed planes of phase A and phase B 
are nearly parallel and stacked at the interface, with their close-packed directions aligned to form matching directions. (b) The edge-to-edge model, in which the 
close-packed planes of phase A and phase B act as intersection planes to form the interface, typically with their close-packed directions aligned at the edge to establish 
matching directions.
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4. Results and discussion

4.1. Morphology and composition of the as-formed IMCs

As shown in Fig. 5, the IMCs formed at the Sn/Co interface exhibited 
a plate-like morphology. With an increase in the reflow time from 10 to 
20 min, these plate-shaped IMCs tended to merge along their largest 
facets to form thicker bulk structures. After 10 min of reflow, the tip 
directions of the plates were randomly distributed, whereas after 20 
min, most IMCs grew with their sharp tips aligned nearly perpendicular 

to the substrate. These results suggest that under prolonged reflow, IMCs 
with faster growth orientations tend to outgrow or consume their 
slower-growing counterparts.

Elemental analysis using energy-dispersive X-ray spectroscopy (EDS) 
was conducted at three different positions to ensure representative re
sults. Based on the compositional analysis results shown in Fig. 6, the 
IMCs were confirmed to be CoSn3. Previous studies have reported that 
CoSn3 exhibits strong growth anisotropy, with rapid growth occurring 
along directions corresponding to the plate corners and relatively slow 

Fig. 3. Schematic of the effective interatomic spacing and d-values. (a) Atom matching between straight and zigzag atom rows. (b) Effective interatomic spacing for 
straight and zigzag atom rows. (c1, c2) Effective interatomic spacing for α-CoSn3 and β-Sn. (d1, d2) d-values for α-CoSn3 and β-Sn.

Table 1 
Effective interatomic spacing for the close-packed directions in β-Sn and 
α-CoSn3.

Phase Close-packed directions Effective interatomic spacing (Å)

β-Sn [100] 2.916
[010] 2.916
[001] 3.181
[011] 3.321
[101] 3.321

α-CoSn3 [010] 3.134
[001] 3.135
[011] 2.955

Table 2 
Interatomic spacing mismatch (%) along potential alignment directions between 
β-Sn and α-CoSn3.

Matching directions Interatomic spacing mismatch (%) 
β-Sn α-CoSn3

[100]/[010] [001] 6.99
[010] 6.96
[011] 1.32

[001] [001] 1.47
[010] 1.50
[011] 7.65

[011]/[101] [001] 5.93
[010] 5.97
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growth along close-packed planes, leading to the formation of well- 
defined facets [34,35].

4.2. Crystallographic orientation of the ion-milled IMCs

As described earlier, after 20 min of reflow, the CoSn3 crystals 
exhibited more pronounced orientation features, with most plate-shaped 

IMCs growing nearly perpendicular to the substrate. Their crystallo
graphic characteristics were verified by subjecting them to argon ion 
milling to expose planes perpendicular to the fast-growth directions, as 
shown in Fig. 7.

Smaller IMCs, which are often misaligned or loosely attached, are 
readily removed by argon ion milling owing to their weak contact with 
the substrate. In contrast, larger grains with preferred orientations 
remain anchored firmly at the interface. Thus, the flat surface exposed 
by ion milling reflects primarily the dominant orientation of the well- 
oriented CoSn3 grains.

Fig. 8 shows the XRD patterns of the IMCs before and after ion 
milling. The intensity of the (600) plane decreased with an increase in 
the reflow time (from 10 to 20 min), possibly because of the merging of 
the plate-like IMCs and a reduction in the exposure of the (600) facets. 
After ion milling, the intensity of the (002) peak increased significantly 
and was the highest, followed by the intensity of the (113) peak.

The XRD pattern reflects both crystallographic packing and texture. 
Although the Powder Diffraction File (ICDD Card No. 00–048-1813) 
indicates that the (312) plane exhibits the highest intensity, this peak 
was largely absent in the reflowed and ion-milled sample. According to 
Leineweber et al., the diffuse hump near the (312) peak can be attrib
uted to stacking disorder in CoSn3 [36]. Nonetheless, the significantly 
enhanced intensity ratio of the (002) peak after extended reflow and ion 
milling suggests that the sample developed a (002) preferred 
orientation.

The relatively strong (113) intensity may be due to two factors: its 
close-packed nature and the small angle between (002) and (113). As 
shown in Fig. 8(b), when the IMCs grow preferentially along the direc
tion perpendicular to (002), a slight tilt can result in (113) aligning 
parallel to the substrate and thereby, exposed after ion milling.

Table 3 
D-values for the close-packed planes in β-sn and α-CoSn3.

Phase Close-packed planes d-values (Å)

β-Sn (200) 2.915
(101) 2.793
(211) 2.017

α-CoSn3 (002) 3.135
(600) 2.811
(221) 2.659
(312) 2.511
(022) 2.217
(113) 1.969

Table 4 
D-value mismatch (%) of possible plane pairs between β-sn and α-CoSn3.

Matching planes d-value mismatch (%)
β-Sn α-CoSn3

(200) (600) 3.70
(101) (600) 0.64
(101) (221) 5.04
(211) (113) 2.44

Table 5 
Possible matching directions and the corresponding matching planes between β-Sn and α-CoSn3.

Orientation relationship Matching directions on the edge Matching planes

A1 [001] β-Sn/[010] α-CoSn3 (200) β-Sn/(600) α-CoSn3

A2 [010] β-Sn/[010] α-CoSn3 (200) β-Sn/(600) α-CoSn3

A3 [011] β-Sn/[010] α-CoSn3 (200) β-Sn/(600) α-CoSn3

A4 [010] β-Sn/[011] α-CoSn3 (200) β-Sn/(600) α-CoSn3

A5 [001] β-Sn/[011] α-CoSn3 (200) β-Sn/(600) α-CoSn3

B1 [010] β-Sn/[010] α-CoSn3 (101) β-Sn/(600) α-CoSn3

B2 [101] β-Sn/[010] α-CoSn3 (101) β-Sn/(600) α-CoSn3

B3 [010] β-Sn/[011] α-CoSn3 (101) β-Sn/(600) α-CoSn3

Fig. 4. Schematic of the predicted orientation relationship between β-Sn and α-CoSn3, categorized into groups A and B based on different close-packed planes.

X. Wang et al.                                                                                                                                                                                                                                   Materials & Design 261 (2026) 115329 

5 



These results were further validated via EBSD. Fig. 9 shows the top- 
view EBSD maps of the ion-milled IMCs. Most α-CoSn3 grains appeared 
red or blue in the inverse pole figure, indicating that their (010) or (001) 
planes were parallel to the substrate. Although α-CoSn3 exhibits an 
orthorhombic structure, the lengths of the b- and c-axes were nearly 
identical, rendering the (010) and (001) planes indistinguishable in the 
EBSD analysis. These EBSD results, combined with the XRD results, 
confirm that the (001) plane is nearly parallel to the substrate.

The pole figures further supported this observation: high intensity for 
(010)/(001) was concentrated at the center and periphery, whereas the 
(100) pole figure exhibited high intensity peaks only around the 

circumference, indicating that the (100) plane is generally perpendic
ular to the substrate.

Thus, the XRD and EBSD results confirmed that, even on poly
crystalline Co, ion-milled α-CoSn3 exhibits strong preferential growth: 
the (002) plane is parallel and the (600) plane is perpendicular to the 
substrate.

It is worth noting that Lang and Jeitschko reported that CoSn3 exists 
in two polymorphs, with a phase transition from α to β occurring above 
275 ◦C [32]. Although the α and β phases possess different crystal 
structures—α-CoSn3 being orthorhombic and β-CoSn3 tetragonal—they 
nevertheless exhibit certain structural similarities. Specifically, α-CoSn3 

Fig. 5. Top-view morphology of IMCs at the Sn/Co interface for reflow durations of (a) 10 min and (b) 20 min, where residual Sn has been etched away for imaging.

Fig. 6. EDS compositional analysis results of the IMCs at the Sn/Co interface and their corresponding measurement locations.

Fig. 7. Schematic of the acquisition of flat IMC surfaces through dual-sided ion milling from directions parallel to the substrate. (a1) Ion milling performed from both 
sides to obtain a flat IMCs surface, with (a2) showing a schematic of this process. (b1) Surface morphology of ion-milled IMCs at higher magnification. (b2) Schematic 
of the resulting flat IMCs surface achieved through the dual-sided ion milling treatment described in (a2).
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(b = 6.268 Å, c = 6.270 Å) and β-CoSn3 (a = 6.275 Å, b = 6.275 Å) show 
similar lattice parameters, whereas along specific crystallographic di
rections, the lattice constants of α-CoSn3 (a = 16.864 Å) and β-CoSn3 (c 
= 33.740 Å) differ by approximately a factor of two. Consequently, 
when it comes to certain crystal planes, the β-phase Kikuchi pattern 
exhibits finer band spacing, while corresponding bands in the α-phase 
pattern tend to merge or vanish. In this study, EBSD indexing was per
formed for both α and β phases, and the α-phase indexing yielded higher 
confidence index values. Considering that the interfacial reaction tem
perature in our experiments was below the α–β transition temperature, 
the present work focuses on the α-CoSn3 phase throughout the analysis.

4.3. Orientation distribution of the Sn grains formed on ion-milled IMCs

EBSD was used to examine the orientation distribution of the Sn 

grains nucleated on ion-milled IMCs and validate the predicted ORs 
between β-Sn and α-CoSn3 and the edge-to-edge model.

Fig. 10 shows the experimental setup and surface morphology of Sn 
joints: Sn powders melted and solidified on the ion-milled IMCs surface. 
In some regions, the Sn powders coalesced into larger joints. These joints 
were ion milled parallel to the substrate surface to enable EBSD analysis.

Fig. 11 shows the grain orientations of Sn joints formed on ion-milled 
α-CoSn3 IMCs. As observed in Fig. 11(a3, b3, c), most Sn grains appear 
green, indicating that their (100) planes are nearly parallel or slightly 
inclined relative to the substrate. Further analysis in Fig. 11(d) shows 
that the angle between the Sn [001] axis and the substrate plane pri
marily falls between 15◦ and 30◦, with a pronounced peak near 
22.5–30◦.

To interpret this, we first recall the ORs reported by Z.L. Ma et al.: 
{100}Sn/{100}CoSn3 with <001>Sn/<001>CoSn3, and {100}Sn/ 

Fig. 8. XRD results and schematic of the crystal planes. (a) XRD analysis of the interfacial IMCs before and after ion milling. (b) Schematic of the (002) and (113) 
planes in α-CoSn3.

Fig. 9. Top-view EBSD analysis of the ion-milled IMCs with corresponding pole figures. (a1, b1) Top-view EBSD maps. (a2, b2) Corresponding pole figures of (a1, 
b1). (c) Schematic diagram of the α-CoSn3 structure. The EBSD maps display only the regions with a confidence index higher than 0.25.
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{100}CoSn3 with <001>Sn/<010>CoSn3 [5]. Although α-CoSn3 has an 
orthorhombic structure, its b and c lattice parameters are nearly iden
tical (b = 6.268 Å, c = 6.270 Å); thus, alignment of Sn <001>with 
either the b-axis or c-axis of α-CoSn3 occurs with nearly equal proba
bility, resulting in two possible ORs. It is important to note that their 
study assumed the {100} close-packed planes of α-CoSn3 seeds were 
parallel to the substrate surface, which promoted epitaxial Sn growth via 
the plane-on-plane model.

In contrast, in this study, due to the natural growth behavior of 

α-CoSn3—where the (600) close-packed plane is nearly perpendicular to 
the substrate—and the subsequent ion milling process that selectively 
removed misoriented α-CoSn3 grains, the IMCs developed a strong 
preferred orientation. However, the (600) planes (largest facets of IMCs) 
were no longer directly exposed but influenced Sn nucleation through 
their edges. According to Figs. 8 and 9, while the (002) planes of α-CoSn3 
are nearly parallel to the substrate and the (600) planes are nearly 
perpendicular, the geometrically dominant facets corresponding to the 
(600) planes remain concealed, with only the closely-packed atom rows 

Fig. 10. Experimental setup and surface morphology of Sn joints. (a) Schematic of the Sn joints formed on ion-milled IMCs, followed by additional ion-milling 
treatment to prepare the joints for subsequent EBSD characterization. (b) Surface morphology of the Sn joints after ion milling.

Fig. 11. EBSD maps and grain orientation statistics. (a1, b1) Top-view SEM images showing Sn grains formed on ion-milled IMCs. (a2, b2) Top-view EBSD image 
quality maps. (a3, b3) Top-view EBSD inverse pole figure maps with Sn grain orientations. (c) Combined top-view EBSD inverse pole figure maps of Sn grain ori
entations for a large amount of samples. (d) Grain orientation statistics for the Sn grains formed on ion-milled IMCs.
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at their edges being exposed. If we followed the plane-on-plane model of 
Z.L. Ma et al, Sn grains nucleated on ion-milled α-CoSn3 should exhibit 
orientations corresponding to cases A1 and A2 in Table S1, meaning the 
Sn [001] axis would align at 0◦ or 90◦ relative to the substrate, with 
nearly equal probabilities. However, our experimental data show angles 
concentrated between 15◦–30◦, with a clear peak at 22.5◦–30◦. This 
observation can be explained using Fig. 12: for the configuration (101) 
β-Sn/(600) α-CoSn3 with [010] β-Sn/[010] α-CoSn3, the angle between 
the Sn [001] axis and the substrate is 28.6◦, matching the observed 
resluts.

This OR may be attributed to a low interfacial energy, which ener
getically favors nucleation. According to the classical framework of 
nucleation theory and its extension by Turnbull [37–39], the nucleation 
barrier ΔG* at the interface is proportional to the cube of the interfacial 
energy (γint): 

ΔG*∝
γint

3

(ΔGv)
2 

Where ΔG* denotes the nucleation barrier, γint is the interfacial energy, 
and ΔGv is the volumetric free energy change. γint is minimized when the 
lattice mismatch and orientation discontinuity are small. The (101) 
β-Sn/(600) α-CoSn3 configuration showed the lowest d-value mismatch 
(0.64 %). Therefore, Sn grains with their (101) planes aligned with the 
(600) planes of α-CoSn3 experience significantly reduced nucleation 
barriers.

Furthermore, the [001] direction in β-Sn corresponds to the c-axis, 
which is both the fast diffusion path and the direction corresponding to 
the highest electromigration vulnerability. By promoting orientations 
wherein [001] is tilted away from the vertical current flow (i.e., sub
strate normal), this interface-induced texture can reduce the effective 
diffusivity under current stress, thereby enhancing electromigration 
resistance.

In summary, the present study demonstrates that after ion milling, 
α-CoSn3 IMCs expose only the edges of their close-packed (600) planes, 
which also effectively guide Sn nucleation. The experimental results 
shown in Fig. 11 confirm that the modified edge-to-edge model suc
cessfully predicts the ORs of Sn grains nucleated on ion-milled α-CoSn3. 
Meanwhile, comparative experiments using α-CoSn3 IMCs without ion 
milling (Fig. S1) show that Sn [001] axes are more randomly distributed, 
with higher frequencies near 0◦, 45◦, and 90◦. Overall, these findings 
confirm that ion milling plays a crucial role in enhancing the preferred 
orientation of α-CoSn3 and thereby improving the control of subsequent 
Sn grain orientation.

5. Conclusion

In this study, we demonstrated that ion-milled α-CoSn3 can guide the 
crystallographic orientation of Sn grains. The results can be summarized 
as follows: 

1. A modified edge-to-edge lattice matching model was proposed, ac
counting for both straight and zigzag atom rows. Among the iden
tified pairs, the (101) β-Sn/(600) α-CoSn3 configuration showed the 
lowest d-value mismatch (0.64 %), indicating a favorable nucleation 
condition owing to minimized interfacial energy.

2. α-CoSn3 IMCs formed at the Sn/Co interface after reflowing at 267 ◦C 
exhibited anisotropic growth behavior, with the (600) planes tend
ing to align perpendicular to the substrate surface. Argon ion milling 
enhanced the exposure of these preferentially oriented grains.

3. EBSD analysis revealed that the Sn grains nucleated on the ion-milled 
α-CoSn3 surface preferentially aligned their [001] axis within 30◦ of 
the substrate. This experimental observation is consistent with the 
predicted low-energy lattice matching relationship.

In summary, these results provide a practical approach for tailoring 
Sn grain orientation using polycrystalline Co substrates, thereby 
avoiding the need for expensive single-crystal seeds. The proposed 
strategy is promising for improving the performance and longevity of 
microelectronic solder joints through interfacial crystallographic 
engineering.
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