Preferential growth and orientation relationship of Ag;Sn grains
formed between molten Sn and (001) Ag single crystal
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The current study shows that there is a preferred orientation relationship between Ag;Sn
and Ag in reaction between molten Sn and Ag. Due to the preferred orientation relationship,
the morphology of Ag;Sn grains formed on (001) Ag single crystal is different from those
formed on (011), (358) single crystal Ag, and polycrystalline Ag Facet scallop-type AgzSn
grains formed irregularly on (011), (358) single crystal Ag, and polycrystalline Ag; whereas
the regular Ag;Sn grains with parallel edges grew on (001) Ag single crystal, and they were
elongated along two perpendicular directions. The orientation relationship between Ag;Sn
grains and (001) Ag single crystal was determined using electron backscattered diffraction.
The preferential growth of regular Ag;Sn grains with parallel edges formed on (001) Ag
single crystal can be attributed to their minimum misfit.

. INTRODUCTION

Sn-Pb solders would be replaced by the lead-free
solders in electronic packaging field because of the toxic
nature of Pb."? At present, Sn-Ag, Sn-Cu, Sn-Zn, and Sn-
Bi alloys are the most promising lead-solders, which are
potential candidates of lead-free solders in electronic
packaging field in the future.” These soldering joints pro-
vide the electrical connection and the mechanical bond-
ing. But intermetallic compounds (IMCs) always form at
the interface between the solders and substrates during
the reflow procedure.}5 Therefore, the solders as well as
the morphologies of the formed IMCs should play impor-
tant roles in the electrical connection and the mechanical
properties. However, nearly all of the investigations only
focus on the morphology of IMCs formed on polycrystal-
line substrates, mainly on Cu substrate so far.®

More recently, new findings show that the CugSns
grains with strong texture and special morphology
formed on the (001) and (111) Cu single-crystal sub-
strates.”® The morphologies, orientation relationships,
and evolution of CugSns grains formed between molten
Sn and Cu single crystals have been carefully investi-
gated in these research studies.” It is indicated that the
nucleation, growth, and ripening of CugSns grains on Cu
single crystal are different from those on polycrystalline
Cu. However, in electronic packaging field, in addition
to the Cu and Ni substrates, Ag is also a good substrate
due to its good wettability, antioxidation, and electronic
and thermal conductivity.'®'? This process raises an
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interesting question: whether the special morphology
and the preferential orientation of AgzSn IMC can ap-
pear on Ag single-crystal substrate with low index. In
this article, to avoid the effect of other elements, the
pure Sn/(001) Ag single-crystal couple was used as an
example to decipher the question above.

Il. EXPERIMENTAL PROCEDURE

In this study, Ag single crystal was used as a substrate
and Sn foil was used as a solder. First, Ag single crystal
with dimensions of 150 x 20 x 10 mm® was grown by the
Bridgman method in a horizontal furnace.'* The orienta-
tion of the Ag single-crystal plate was determined by the
electron backscattered diffraction (EBSD) method. Next,
some pieces of Ag thin plates with dimensions of 10 x
10 x 1 mm® were spark-cut from the grown Ag single-
crystal plate, ensuring that the wetting surfaces are paral-
lel to (001), (011), and (358) planes. Polycrystalline Ag
thin plate was also used as substrate for a comparison test.
All of the Ag plates were ground successively with 800,
1000, 2000 grade SiC paper and then carefully polished
with 2.5- and 1.0-pum polishing pastes. Wetting samples
were prepared by reacting Sn foil (~70-um thick) with
these Ag thin plates at 260 °C for different periods. After
that, all of the samples were deeply etched with the 5%
HCl1+3%HNOs;+CH;0H (vt%) etchant solution to re-
move the excess Sn phase so that the morphology of the
Ag3Sn grains could be fully exposed. LEO super35 scan-
ning electron microscope (SEM; Carl Zeiss, Oberkochen,
Germany) was used to detect the morphology and orienta-
tion of the Ag;Sn grains formed on (001) Ag single crystal
with the help of EBSD.

© 2009 Materials Research Society 2141



H.F. Zou et al.: Preferential growth and orientation relationship of AgsSn grains formed between molten Sn and (001) Ag single crystal

lll. RESULTS AND DISCUSSION

Figure 1(a) is a top-view SEM image of AgzSn grains
formed on polycrystalline Ag. The morphology of Ag;Sn
grains is irregular faceted scallops. CugSns faceted
scallops have also been detected at the interface of
Cu/Sn-Pb."? Figure 1(b) shows the SEM image of Ag;Sn

FIG. 1. SEM images of AgsSn grains formed on (a) polycrystalline
Ag; (b, ¢) (001) Ag single crystal reflowed at 260 °C for 30 and 60 s,
respectively; (d) (011) Ag single crystal reflowed at 260 °C for 30 s;
(e) (358) Ag single crystal reflowed at 260 °C for 30 s.

grains on the (001) Ag single crystal reflowed at 260 °C
for 30 s. There are many regular Ag3zSn grains with par-
allel edges, which are significantly different from the
morphology of Ag;Sn grains formed on polycrystalline
Ag. The elongations of AgzSn grains go along two per-
pendicular directions, which are similar to the CugSns
grains formed on (001) Cu single crystal.7’9 The mor-
phology of Ag;Sn grains with parallel edges can still be
detected when the reflow time increases to 60 s, as shown
in Fig. 1(c). Compared with the samples aged for 30 s,
these AgsSn grains are more compact when the couple
was reflowed for 60 s. Figures 1(d) and 1(e) show the
morphology of AgzSn grains formed on (011) and (358)
Ag single crystal reflowed at 260 °C, respectively. These
Ag3Sn grains are irregular faceted prisms, which are dif-
ferent from those on (001) Ag single crystal.

In addition, on the (001) Ag single crystal, these Agz;Sn
grains with parallel straight edges also display a preferen-
tial orientation relationship with Ag single-crystal sub-
strate as the CugSns grains formed on (001) and (111) Cu
single crystals.” Once the orientation of these Ag;Sn
grains with parallel edges was determined, the orientation
relationship between (001) Ag single crystal and AgzSn
grains can be established. Although EBSD mapping is
always used to determine the orientations of crystals, it is
hard to perform on an as-etched rough surface. However,
the Kikuchi bands of the local AgiSn grain can be
obtained one by one by EBSD because their surfaces are
smooth enough for EBSD mapping. Fairhurst et al.'® have
reported that the crystal structure of AgsSn was ortho-
rhombic (Pmmn, a = 5.9689, b = 4.78024, ¢c = 5.18439A).
Based on the structure and Kikuchi bands of Ag;Sn, the
orientation relationship between Ag single crystal and
AgsSn grains can be established.

Figure 2(a) gives the Kikuchi bands of (001) Ag sin-
gle crystal. The Kikuchi bands of the Ag;Sn grains with
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FIG. 2. (a) Kikuchi bands of (001) Ag single-crystal substrate; (b, ¢) Kikuchi bands of Ag;Sn grains along two perpendicular directions on (001)
Ag single crystal; (d)—(f) normal direction inverse pole figure, {100} pole figure, and {001} pole figure for 26 indexed grains, respectively.
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two perpendicular elongation directions are shown in
Figs. 2(b) and 2(c). Further analysis indicates that the
crystallographic planes of the Ag;Sn grains elongated
along two perpendicular directions are all the (001). To
confirm the orientation of Ag;Sn grain, many Ag;Sn
grains with parallel edges were detected and their orien-
tation distribution is shown in Fig. 2(d). Figures 2(e) and
2(f) show the {100} pole figure and {001} pole figure for
one Ags;Sn grain. These pole figures indicate that the
AgsSn grains have strong (001) texture on (001) Ag
single crystal. For the AgzSn grains formed on (011) and
(358) Ag single crystal, they also show prism morphol-
ogy with regular facets, but their distribution seems to be
at random. As a result, their orientation relationship was
not investigated.

As mentioned above, the Ag;Sn grains not only dis-
play special morphology, but also form a strong texture
feature on (001) Ag single-crystal substrate. However,
such special morphology and the texture of Ag;Sn grains
were not observed on polycrystalline Ag substrates. It is
assumed that the interfacial energy must play a crucial
role in the nucleation and growth of the Ag;Sn grains.”*
To minimize the interfacial energy between Ag and
AgsSn during the reflow procedure, the Ag;Sn grains
would elongate along the lowest misfit directions. Com-
pared with polycrystalline Ag surface, there exists a low
misfit direction on the (001) Ag single-crystal surface.
Figure 3(a) shows the lattice structure of Ag single crystal
along [001] direction. The Ag atom space is 0.2889 nm
along [110] or [110] direction. Figure 3(b) shows the
lattice structure of AgszSn grain along [100] direction.
According to the structure and the lattice constant of
AgsSn,'® the distance of two adjacent Ag atoms was cal-
culated as 0.2984 nm along [100] direction. Then, the
misfit of Ag atoms (a5g) between the [100] direction of
Ag3Sn grain and the [110] or [110] direction of Ag single
crystal was calculated as follows:

oag = (0.2984 — 0.2889)/0.2984 = 3.18% . (1)

It is obvious that the misfit of Ag atoms at the inter-
face between Ag and Ag;Sn is rather low. Compared
with other orientation directions of Ag single crystal,
the Ags;Sn grains would preferentially nucleate along
the [110] or [110] direction of Ag single crystal to de-
crease the interfacial energy. In addition, the [110] direc-
tion is perpendicular to the [110] direction in Ag single
crystal. This result is why the Ag;Sn grains formed on
(001) Ag single crystals were elongated along two per-
pendicular directions, as illustrated in Fig. 1. According
to the analysis above, the orientation relationships be-
tween Ag and Ag;Sn are suggested to be as follows:
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FIG. 3. (a) Illustration of atom array of Ag single crystal along [001]
direction; (b) illustration of atom array of Agz;Sn grain along [100]
direction; (c) schematic diagram of morphology and orientations of
AgsSn grains formed on (001) Ag single crystal.

To further confirm the orientation relationship be-
tween AgszSn grains and (001) Ag single crystal, the
cross-section of their interfaces was cut by focus ion
beam (FIB) technique, as displayed in Fig. 4. Through
analyzing the 3-D model given by the EBSD software,
the following can be obtained: [100],35,//[110] (g1

which is consistent with the orientation relationships
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FIG. 4. (a) Cross-section of interface cut by FIB; (b, c) Kikuchi bands and 3-D models of the marked Ag and Ag;Sn grains, respectively.

described above. This process indicates that on (001)
and (111) Cu as well as on (001) Ag, the formed IMCs
often display special morphology and orientation rela-
tionship with the single-crystal substrates.

IV. CONCLUSION

The morphology and orientation relationship of AgzSn
formed on (001), (011), (358) Ag single crystal, and poly-
crystalline Ag are different. On the (001) Ag single crystal,
the regular Ag;Sn grains with parallel edges go along two
perpendicular directions, whereas the facet scallop-type
AgsSn grains formed on (011), (358) Ag single crystal
and polycrystalline Ag. In addition, it was determined that
there is a special orientation relationship between AgzSn
grains and (001) Ag single crystal using EBSD and FIB
techniques. Combined with the morphologies, orientation
relationships, and evolution of CugSns grains formed on
the Cu single-crystal substrates with different orienta-
tions,”” the IMC prefers to grow along the [110] and
[110] low misfit directions on the special single-crystal
substrate and then forms an IMC layer with strong texture,
which might affect the interfacial mechanical properties of
the solder joints. However, a special texture is not likely
for IMC formed on (011), (358) Ag single crystal.

ACKNOWLEDGMENTS

We thank W. Gao and H.H. Su for sample preparation
and SEM observations. This work was financially sup-
ported by National Basic Research Program of China
under Grant No. 2004CB619306 and by the National
Outstanding Young Scientist Foundation under Grant
No. 50625103.

REFERENCES

1. T. Laurila, V. Vuorinen, and J.K. Kivilahti: Interfacial reactions
between lead-free solders and common base materials. Mater.
Sci. Eng., R 49, 1 (2005).

2144

2. M. Abtew and G. Selvaduray: Lead-free solders in microelectron-
ics. Mater. Sci. Eng., R 27, 95 (2000).

3. M.O. Alam and Y.C. Chan: Interfacial reaction phenomena of
Sn-Pb solder with Au/Ni/Cu metallization. Chem. Mater. 17, 927
(2005).

4. W.H. Tao, C. Chen, C.E. Ho, W.T. Chen, and C.R. Kao: Selec-
tive interfacial reaction between Ni and eutectic BiSn lead-free
solder. Chem. Mater. 13, 1051 (2001).

5. K-S. Bae and S-J. Kim: Microstructure and adhesion properties of
Sn-0.7Cu/Cu solder joints. J. Mater. Res. 17, 743 (2002).

6. H.K. Kim and K.N. Tu: Kinetic analysis of the soldering reaction
between eutectic SnPb alloy and Cu accompanied by ripening.
Phys. Rev. B 53, 16027 (1996).

7. J.O. Suh, K.N. Tu, and N. Tamura: Dramatic morphological
change of scallop-type CueSns formed on (001) single crystal
copper in reaction between molten SnPb solder and Cu. Appl.
Phys. Lett. 91, 051907 (2007).

8. J.O. Suh, K.N. Tu, and N. Tamura: Preferred orientation relation-
ship between CugSns scallop-type grains and Cu substrate in
reactions between molten Sn-based solders and Cu. J. Appl. Phys.
102, 063511 (2007).

9. H.F. Zou, HJ. Yang, and Z.F. Zhang: Morphologies, orientation
relationships and evolution of CugSns grains formed between
molten Sn and Cu single crystals. Acta Mater. 56, 2649 (2008).

10. M.O. Alam, Y.C. Chan, and K.N. Tu: Effect of 0.5 wt% Cu in
Sn-3.5%Ag solder balls on the solid state interfacial reaction with
Au/Ni/Cu bond pads for ball grid array (BGA) applications.
Chem. Mater. 17, 2223 (2005).

11. Y-W. Yen, C-C. Jao, and C. Lee: Effect of Cu addition on inter-
facial reaction between Sn-9Zn solder and Ag. J. Mater. Res. 21,
2986 (2006).

12. M.D. Cheng, S.S. Wang, and T.H. Chuang: Soldering reactions
between In49Sn and Ag thick films. J. Electron. Mater. 31(3),
171 (2002).

13. H.F. Zou, Q.S. Zhu, and Z.F. Zhang: Growth kinetics of interme-
tallic compounds and tensile properties of Sn-Ag-Cu/Ag single
crystal joint. J. Alloys Compd. 461, 410 (2008).

14. P. Li, Z.F. Zhang, S.X. Li, and Z.G. Wang: Effect of orienta-
tions on cyclic deformation behaviors of Ag and Cu single crys-
tals: CSS curve and slip morphology. Acta Mater. 56, 2212
(2008).

15. J.O. Suh, K.N. Tu, G.V. Lutsenko, and A.M. Gusak: Size distri-
bution and morphology of scallops in wetting reaction between
molten solder and copper. Acta Mater. 56, 1075 (2008).

16. C.W. Fairhurst and J.B. Cohen: The crystal structures of two
compounds found in dental amalgam: Ag,Hg; and Ag;Sn. Acta
Crystallogr., Sect. B 28, 371 (1972).

J. Mater. Res., Vol. 24, No. 6, Jun 2009



	Preferential growth and orientation relationship of Ag3Sn grains formed between molten Sn and (001) Ag single crystal
	Introduction
	Experimental Procedure
	Results and Discussion
	Conclusion
	Acknowledgments
	References




