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Abstract

:

The present work concerns the intermetallic compound (IMC) existing in the Ag–Sn system and its potential use in electronics as attachment materials allowing the adhesion of the chip to the substrate forming the power module. First, we present the synthesis protocol in polyol medium of a compound with the chemical formula Ag5Sn0.9 belonging to the solid solution of composition located between 9 and 16 at.% Sn, known as solid solution ζ (or ζ-Ag4Sn). This phase corresponds to the peritectic invariant point at 724 °C. Differential thermal analysis and X-ray dispersive analysis confirm the single-phased (monocrystalline) nature of the Ag5Sn0.9 powder issued after synthesis. Scanning electron microscopy shows that Ag5Sn0.9 particles are spherical, and range in submicronic size of around 0.18 μm. X-ray diffraction analysis reveals that the ζ phase mostly exists under the two allotropic varieties (orthorhombic symmetry and hexagonal symmetry) with however a slight excess of the hexagonal variety (60% for the hexagonal variety and 40% for the orthorhombic variety). The lattice parameters resulting from this study for the two allotropic varieties are in good agreement with the Hume-Rothery rules.
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1. Introduction


Historically, in power electronics, lead solders based mainly on Sn–Pb alloys were used as attachment joints because of their stable behavior [1]. To obtain the power module, a joint based on a lead alloy with a general eutectic composition is interposed between the various components to be assembled. The entire device is then brought to a temperature slightly above the melting point of the eutectic and then cooled slowly. This brazing process allows the diffusion of the elements of the alloy to the different components and leads to their assembly. However, the European Restriction of the use of certain Hazardous Substances in electrical and electric equipment (RoHS) directive dating from 2002 forbade the use of lead and certain harmful substances such as mercury, cadmium, etc.; and thus intended to gradually replace Sn–Pb alloys in current applications. In this context, great effort was deployed to propose alternative lead-free binary or ternary eutectic alloys, such as Sn–Zn [2,3], Sn–Sb [2,4], Sn–Ag [5,6,7] and SnAgCu [8,9]. However, all of these alloys have relatively low melting points (between 80 °C and 240 °C), which make them unsuitable for electronic power components intended for applications in extreme conditions (high temperature, etc.) such as electric aircraft for the aeronautical industry, the electrification of vehicles in the automotive, or the rail sector [3].



Faced with these limitations, a significant number of studies has been devoted to the development of new processes for assembling the components of power modules. In this context, several works have been devoted in recent decades to the use of silver as an attachment material, the assembly being carried out by means of the sintering process [10,11] instead of brazing. In comparison with the brazing process, silver sintering offers two advantages. On the one hand, it is an easy-to-implement process for assembling the power module (chip assembly/joint/substrate) without resorting to a liquid state step. The assembly is then achieved by solid-state atomic diffusion processes activated by the heat treatment. Unlike brazing, the composition of the attachment material is much more simplified. It is here a single element (Ag) whereas in the brazing process the attachment material is in most cases a mixture of phases or a compound formed of several elements (IMCs for example). On the other hand, the great interest shown for this alternative in the field of power electronics (packaging) is justified by the excellent properties of silver as an attachment material, i.e. its high melting point (961 °C), excellent electrical and thermal conductivities (63 × 10 S·m−1 and 429 W/m·K) and excellent resistance to oxidation and corrosion, combined with its good mechanical strength [12,13].



It should, however, be noted that due to its high melting point (961 °C), the temperature required for the sintering of the bulk material (0.8Tf ~ 714 °C) cannot be applied for the assembly of the power modules without deterioration of one of the components. To keep the power module components safe, sintering must be carried out at a temperature below 300 °C. This essentially depends on four parameters: the temperature, the pressure applied to the assembly, the time and the size of the silver particles, this last parameter playing an important role. Thus, particles of micrometric size (1–20 microns) can only be sintered if the pressure applied is relatively high (40 MPa) and at a temperature of 240 °C [14]. Such high pressure is a source of deterioration of the module and in particular the chip [15]. Conversely, the sintering of silver particles of nanometric size can be achieved by applying much lower pressures or even without pressure if the particle size is sufficiently reduced. This last process seems the most promising in the assembly of the components of the power module as it has the advantage of lower cost, ease of implementation and preserves the integrity of the module components [16,17,18].



Despite these advantages, this assembling process has two major drawbacks. First, the relatively high price of silver and secondly, because of their health risk, the use of nanoparticles. This work is part of a project aimed at replacing silver with less expensive compounds whose particles have a size beyond the nanometric range (greater than 100 nm) in order to prevent health risks. Our choice fell on the compounds existing in the Ag–Sn system, namely the intermetallic compound Ag3Sn and the solid solution Ag–Sn noted ζ and represented in the literature by the phase Ag4Sn and with compositions varying in the range of 9–16 at.% Sn as shown in the corresponding phase diagram [19].



Ag3Sn and ζ-phases can be good candidates in the sintering process for interconnection in electronic power devices. Indeed, these compounds have relatively high melting points of 480 °C and 724 °C, respectively, which offer a thermal stability at different operating temperatures, and, at the same time, their electric and thermal properties are close to those of the eutectic alloy Sn–3.5Ag as well as several lead-free alternatives frequently used in the market [1,20,21]. Additionally, when comparing their melting points with that of silver (914 °C), lower processing temperatures are more likely possible.



In a first article, the synthesis in polyol medium of submicron particles of Ag3Sn was described [22]. The polyol process is a soft chemistry synthesis method developed by F. Fiévet et al. in 1989 to prepare polymetallic spherical particles at micron (even submicron) sizes, generally with easily reducible metals such as copper, gold, palladium, silver and their alloys [23,24,25,26]. This was then extended to the synthesis of other classes of inorganic materials: oxides, hydroxides [27,28] and chalcogenides [29]. This process takes advantage of the reducing power of polyols. Easily reducible metals such as cobalt, nickel and iron were subsequently produced by this process [23]. In the polyol process it is possible to control the nucleation and growth steps. The α-diol type polyols, such as 1,2-ethanediol (ethylene glycol, EG), 1,2-propanediol, 1,2-butanediol, 1,5-pentanediol, etc., are the most widely used. Compounds resulting from intermolecular dehydration by condensation of α-diol, such as diethylene glycol (DEG or 2-hydroxyethyl ether) have also been used. The polyol maintains a metallic precursor in suspension (such as salts based on chloride, acetate, nitrates, hydroxides and oxides, etc.). By heating at moderate temperature we can favor reduction or forced hydrolysis resulting in the formation of metals, oxides or hydroxides via the nucleation and growth stages. The competition between the reduction and hydrolysis reactions is controlled by the hydrolysis rate, which is defined as the ratio of the number of moles of water to that of metal cation. The reduction reaction is favored when the hydrolysis rate is low or even zero.



The polyol solvent can also be a surfactant which is adsorbed on the surface of the particles to prevent their agglomeration by steric gene (as a stabilizer that limits particle growth and prevents agglomeration [23,30,31,32]). In addition, their high boiling point (of the solvents) allows them to solubilize a large number of metal salts and to activate reactions such as the oxidation of the polyol and consequently the formation of metals by reduction.



In the present work, the polyol process was extended to the elaboration of the solid solution and particularly the phase ζ with the chemical formula Ag5Sn0.9. In addition, it is possible to conduct these syntheses on a semi-pilot scale and thus have enough material for the die-bonding process. As will be shown hereafter, this phase has a very close structural filiation with the intermetallic compound Ag3Sn and therefore X-ray diffraction analysis does not allow its unambiguous characterization. During this study, thermal (DTA) as well as chemical (EDX) analyses were essential for a precise characterization of these phases. The results of these analyses are compared with the expected phases according to the equilibrium diagram and confirm that the obtained phase belongs to ζ- phases and corresponds to the chemical formula Ag5Sn0.9.




2. Experimental Procedure


2.1. Materials


The materials used in this study to synthesize the Ag5Sn0.9 particles were tin (II) chloride (SnCl2, 99%, Honeywell, Charlotte, NC, USA), silver nitrate (AgNO3, >99%) and ethylene glycol (EG) (VWR, 98%, Radnor, PA, USA) (Alfa Aesar, 99%, Haverhill, MA, USA). This latter is used as a solvent and a reducing agent for silver ions. Sodium borohydride (NaBH4) was selected as a reducing agent for tin ions. A surface stabilizer, PVP (Alfa Aesar), was used to prevent particles from coalescing. A distillation device [21] was chosen to achieve a lower hydrolysis rate and obtain the metallic particles. Note that all the chemical products were used as received, without any further purification.




2.2. Synthesis


The synthesis was carried out using a distillation assembly comprising a heating mantle, a temperature probe, a temperature regulator, a three-necked flask, a stirring shaft and a distillation column [21]. A volume of 200 mL of EG was poured into a 500 mL three-necked flask. The polyol was under an ambient atmosphere and underwent mechanical stirring at 350 revolutions per minute (rpm). Table 1 resumes the optimal conditions to obtain the Ag5Sn0.9 phase. At 50 °C, 1.43 g of PVP58000 were added and dissolved in the polyol medium. Subsequently, 1.43 g of AgNO3 were added at 70 °C to form a mass ratio of PVP/AgNO3 = 1. The solution became yellowish after dissolution of the precursors. The rate of temperature increase was set at 5 °C./min. After a plateau of 5 min at 160 °C, 1.4 g of SnCl2 were added to the polyol to constitute a molar ratio n (Ag/Sn) = 1.14. After an additional 5 min at 160 °C, stirring was stopped and a mass of 5.478 g of NaBH4 corresponding to a molar ratio of NaBH4/Sn = 19.6 was slowly added to the medium. Then, the solution was brought to 180 °C with a plateau of 1 h maintained at this temperature while it was stirred mechanically. At the end of the reaction, the solution was cooled by water quenching (the heating mantle was removed from the experimental device). The powder was then isolated by centrifugation at 12000 rpm for 10 min and washed with ethanol and acetone, alternately. These steps were necessary in order to remove the remains of the polyol. Washing was stopped when the float became colorless. Finally, the powder was dried in an oven at 70 °C for 12 h. It is interesting to note that the as-produced powder was in a metastable state in comparison with the predictions of the equilibrium diagram of the Ag–Sn system.




2.3. Characterizations


The crystal structure of the synthesized powder was determined by x-ray diffraction (XRD) (20° < 2Ɵ <120° and Δ2Ɵ = 0.03°), using Co Kα1 radiation (Kα1 = 1.78897 Å) on an INEL Equinox 1000 X-ray diffractometer. XRD characterization was performed by using two softwares: Match3 (version 3.14, CRYSTAL IMPACT, Bonn, Germany) was used for the phase identification, and material analysis using diffraction (Maud) (version 2.993, L. Lutterotti, University of Trento, Trento, Italy) was used to perform the Rietveld refinement analysis. The background and incident intensity factors were refined first; lattice constants were refined in a second step. Additional characteristics such as texture, crystallite size, strain and atomic positions of silver and tin were refined in followed steps. When necessary, phase percentages are refined as well. In addition, phase identification was carried on by differential thermal analysis (DTA) using Labsys TG-D747 instrument. The morphological observations and the particle/grain size were achieved by scanning electron microscopy (SEM), using a field emission gun scanning electron microscopy (FEG-SEM) model ZEISS TM SUPRA 40 VP.





3. Results


3.1. DTA and EDX Analysis


The thermogram of Figure 1 indicates the formation of the ζ- phase which is characterized by the endothermic peak at around 728 °C, characteristic of the peritectic transformation (at 724 °C) due to the fusion of the ζ phase (Equation (1)):


ζ (15 at.% Sn) ⇌ Solid solution (11.5 at.% Sn) + Liquid (19.5 at.% Sn).



(1)







As shown in Figure 2, the particles obtained are spherical, submicronic and non-aggregated, with an average size equal to 175 nm.



The chemical composition of the ζ phase has been precisely determined using the scanning transmission electron microscopy/high-angle annular dark-field imaging technique (STEM/HAADF). Observations and analysis were carried out on two different areas (Figure 3).



Chemical imaging analysis revealed a homogeneous distribution of silver and tin in all the particles (Figure 3). The composition is, however, variable from one area to another but remains within a relatively narrow range close to 1.3% (Table 2). Indeed, for silver, the percentage varies between 84.90% and 86.22% and for tin it varies between 15.10% and 13.78%. Based on this, the average chemical composition for the ζ phase can be estimated at 85.56 at.% Ag and 14.46 at.% Sn. This chemical composition indicates the formation of a ζ phase with a chemical formula close to Ag5Sn (Ag5Sn0.9) and not Ag4Sn.



Finally, we conducted XRD analysis on our sample powder. As a reminder, the DTA and EDX analyses show that the obtained phase corresponds to the ζ phase. As seen in Figure 4, and as discussed above as well as in the previous work on Ag3Sn [22], the diffractogram is substantially identical between the Ag3Sn and the ζ phases and cannot discriminate between them. This point will be taken up in the following discussion. The crystallite size calculated by MAUD (174 nm) is very close to the size of the particles deduced from SEM observations, indicating that the particles obtained are monocrystalline and probably formed by a mechanism involving Ostwald ripening.




3.2. Structural Hypothesis for the ζ Phase


As pointed out above, the characterization of the elaborated phase was carried out essentially on the basis of the DTA and EDX analysis based on the reading of the equilibrium diagram of the Ag–Sn system. Indeed, XRD analyses are not suitable for this purpose because of the similarity of the diffractograms of the two phases Ag3Sn and ζ-Ag4Sn (or Ag5Sn0.9). An attempt to explain this similarity is proposed in the following paragraphs.



3.2.1. Review on the Structure of the Ag3Sn Phase


The Ag3Sn phase exists in two allotropic varieties with a phase transition at 395 °C [33,34]. The high temperature variety has hexagonal symmetry (Space Group P63/mmc). The low-temperature variety has orthorhombic symmetry (Space Group Pmmn) and results from a distortion of the hexagonal variety. Figure 5 shows the correspondence diagram between the two cell parameters, taking into account the permutation of the axes carried out by Rossi et al. [33]. In this case, the orthorhombic lattice parameters (   a 0   ,     b  0     ,    c 0  )   derive from those of the hexagonal lattice (   a h  ,      c h  )   by the following relations (Equation (2)):


   a 0  =  c h    ;    b  0     ≈ 2    a h    ;    c 0  ≈    a h     3   



(2)







As noted above, Ag3Sn has been synthesized by the polyol process. The refinements of its X-ray patterns were more satisfactory when the hexagonal phase is taken into consideration. The low-temperature variety with orthorhombic symmetry was certainly the majority (89%) but the high-temperature (hexagonal) variety is still present in a non-negligible amount (11%) [22]. The presence of both varieties at room temperature is likely due to the nature of the polyol process. Indeed, it has been shown that this method belongs to the soft chemistry routes which enable the formation of metastable phases along with stable ones [35,36].




3.2.2. Structural Hypothesis for the ζ Phase


The solid solution ranging from 9 to 16 at.% Sn (ζ) also has hexagonal symmetry and belongs to the same space group (P63/mmc) as the high temperature variety of the Ag3Sn phase. In addition, the lattice parameters of the Ag4Sn phase representative of this family are close to those of the high temperature Ag3Sn phase (Ag4Sn: a = 2.9658 Å, c = 4.7842 Å; Ag3Sn: a = 2.9863 Å, c = 4.7840 Å) [34,37].



It should be noted that, to our knowledge, only the hexagonal variety has been reported for this solid solution (ζ). However, as for the Ag3Sn phase, the diffractogram cannot be explained by the existence of this allotropic variety alone due to the splitting of most of the peaks (except two).



We therefore hypothesized the existence of an orthorhombic variety for this phase, isostructural of that of the Ag3Sn phase. Because Ag3Sn and Ag4Sn exhibit the same structures at high temperature, the orthorhombic distortion of the lattice observed for Ag3Sn can reasonably occur for the ζ phase. Moreover, it was observed that a prolonged heating of the compound Ag3Sn at 320 °C leads to the formation of the solid solution ζ (Ag4Sn) [38]. It can therefore be assumed that this transformation is carried out by a mechanism of tin depletion concomitant with enrichment in Ag of the lattice of the Ag3Sn phase.



Since tin totally occupies the 2a site (1/4 1/4 z = 0.1700) in the case of Ag3Sn (Pmmn group) [39], this mechanism allowing the transformation of Ag3Sn into Ag4Sn will likely occur via progressive substitution of Sn by Ag in the 2a site as shown in the Table 3. The occupancy rates of both elements of the 2a site are calculated based on EDX analysis so that the chemical formula of the obtained phase can be written Ag3.4Sn0.6 and corresponds to the compound obtained during this work: Ag85Sn15 (or Ag5Sn0.9). We therefore carried out refinements in the three hypotheses: (i) hexagonal variety alone, (ii) orthorhombic variety alone and (iii) presence of both varieties (Figure 6). The starting cell parameters and atomic positions were those given by King et al. for Ag0.8Sn0.2 [37] in the case of the hexagonal variety and those given by Fairhurst and al for the orthorhombic variety [39]. Thermal agitation (Biso) was fixed at 0.6 and not refined. In the orthorhombic Ag5Sn0.9 we imposed for the tin site (2a site) an occupancy rate equal to 0.6 for tin and occupancy rate equal to 0.4 for silver. The final atomic positions in hypothesis (iii) are reported in Table 3. Those for hypotheses (i) and (ii) are almost identical to those of hypothesis (iii) and therefore not shown. The refined diffractograms given in Figure 6 and Table 4 indicate the results of the refinements (cell parameters and reliability factors) in the three hypotheses.



As we can see, the refinement based on the presence of the two allotropic varieties leads to slightly better results (lower reliability factors and lower difference between calculated and observed XRD patterns as shown in the continuous background below the corresponding refinement). As shown for Ag3Sn, the synthesis in polyol medium leads to the formation of both allotropic varieties. However, it can be seen that high temperature variety remains predominant (59.9%) for the studied phase, whereas for Ag3Sn this allotropic variety represents the lower amount (11%).






4. Discussion


Jo et al. [40] used the polyol process to produce particles existing in the Ag–Sn system. In their protocol, the polyol (1,5-pentandediol) only plays the role of solvent allowing the synthesis to be carried out at 180 °C. Ag–Sn alloys are obtained via two steps: (i) obtaining Sn particles by the action of the NaBH4 reducing agent of the Sn2+ ions, and (ii) reduction of the Ag+ ions adsorbed on the Sn particles by the galvanic reaction (Equation (3)):


2Ag+ + Sn0 → Sn2+ + 2Ag0



(3)







Since no complementary analyses were used, authors concluded on the basis of X-ray diffraction, that the two phases (Ag3Sn and Ag4Sn) are present along with tin as impurity [40].



As for the synthesis of Ag3Sn [22], we took advantage of the reducing character of the polyol to carry out the synthesis by permuting the two steps described by Jo et al. First, metallic silver particles were obtained by reduction of Ag+ ions by simple action of the polyol. In a second step, the Sn2+ ions added to the medium were adsorbed on the surface of the silver particles. They then underwent a reduction thanks to the controlled addition of a strong reducing agent NaBH4. The formed tin atoms then diffused inside the silver particles to form submicron particles of the intermetallic compounds Ag3Sn [22] or ζ phase in the present study. It is worth noting that the main parameter governing the nature of the obtained phase is the amount of the reducing agent NaBH4. A high amount (NaBH4/Sn) of around 30 favors Ag3Sn formation whereas a lower amount (19.6) favors the phase rich in silver, namely ζ- Ag5Sn0.9.



During the investigation of the Ag–Sn system, appropriate analysis techniques such as DSC and EDX were necessary to qualify the formed phase (Ag3Sn or the ζ phase) (in our case the chemical formula is close to Ag5Sn). Indeed, the two phases have structural relationships leading to very similar diffractograms. Like us, several authors have reported similar diffractograms for samples qualified as Ag3Sn or the ζ phase (Ag4Sn) on the basis of EDX analysis [41,42].



We have proposed in this work a structural hypothesis to explain the similarity of the diffractograms observed for the two phases. It assumes that the Ag3Sn phase can evolve towards a phase richer in silver (ζ phase) thanks to a partial substitution of tin by silver on the 2a site of the Pmmn space group. This topotactic reaction is facilitated because the ζ phase and the high temperature variety of the Ag3Sn phase have the same symmetry and belong to the same space group (P63/mmc) with very close cell parameters.



Both Ag3Sn and ζ phases are classified as Hume-Rothery compounds [43]. Their structure and lattice parameters depend on the electron concentration per atom (e/a) [44]. To calculate the ratio e/a, silver involves one electron and tin involves four electrons. Figure 7 gives the evolution of (e/a) for the series of compounds existing in the Ag–Sn system. As can be seen, the concentration (e/a) increases with the molar fraction of tin present in the compound.



Table 5 compares the lattice parameters found during this work with those available in the literature for these compounds.



It has been shown that for the phases of hexagonal symmetry, contrary to the parameter ch, the parameter ah increases with the concentration (e/a) [43]. The lattice parameters determined for the Ag3Sn phase and the ζ phase (Ag5Sn0.9) are in good agreement with this correlation (Figure 8); they increase when the concentration (e/a) increases. Figure 9 represents the evolution of the orthorhombic lattice parameter b0 as a function of (e/a). This parameter actually derives from the ah parameter as a result of the orthorhombic distortion (bo ≈ 2ah). Similar to ah for the hexagonal varieties, bo also increases with the concentration (e/a).



For the ζ phase (Ag5Sn0.9), we hypothesized the existence of an orthorhombic symmetry as for Ag3Sn. The lattice parameter b0 obtained in this hypothesis is in good agreement with the predictions of Hume-Rothery [43]. In fact, its value correlates well with the concentration (e/a) for this chemical formula.



In addition, one notices that the e/a ratio has an influence on the compactness of the lattice. Indeed, c/a and the corresponding ratio in an orthorhombic system deviate from the hexagonal close packed (hcp) value, namely 1.633: it decreases when the electron density per atom (e/a) increases (see Table 5, column 7).




5. Conclusions


The Ag-Sn system presents an intermetallic compound of defined composition Ag3Sn with a non-congruent melting point at 480 °C and a solid solution called ζ phase extending over a restricted range of composition (9–16 at.% Sn) with a melting point that is also non-congruent but at a higher temperature (724 °C). This solid solution is also considered an intermetallic compound.



This work has been devoted to the synthesis of an intermetallic compound belonging to the ζ-phases by the polyol process. This ζ phase corresponds to the chemical formula Ag5Sn0.9. The particle’s size is close to 180 nm. The size of the crystallites is very close to that of the particles showing a monocrystalline character.



Despite different chemical compositions and melting temperatures, the two compounds exhibit substantially identical diffractograms. Ag3Sn exists in two allotropic varieties: one hexagonal existing at high temperature and the other with orthorhombic symmetry existing at low temperature. The two varieties have been the subject, in the literature, of structural studies showing a filiation between these two structures resulting from the orthorhombic distortion of the hexagonal symmetry with the relation b0 ≈ ah√3 (b0 being the parameter b of the orthorhombic cell). For the ζ phase, only a variety of hexagonal and isostructural with the formula Ag3Sn is reported in the literature (same space group and close lattice parameters). This variety does not allow a satisfactory explanation of the diffractogram observed for this phase. Pending a precise structural determination, it was necessary to admit the existence, for this phase, of an allotropic variety with orthorhombic and isostructural variants of the compound Ag3Sn. Taking into account this variety alongside the hexagonal variety leads to a better accounting of the results of the X-ray diffraction analysis. The lattice parameters obtained are in line with the Hume-Rothery rules.







Author Contributions


Conceptualization, F.S., J.-M.M. and N.J.; methodology, R.M. and M.A.B.; validation, R.M., M.A.B. and N.J.; investigation, R.M. and M.A.B.; formal analysis, R.M., F.S., S.M. and K.-L.T.; writing—original draft preparation, R.M.; writing—review and editing, R.M. and N.J. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by CNRS (French National Center of the Scientific Research) and VALEO automotive supplier under the funding number EOTP 547002.




Data Availability Statement


Part of the data presented in this study is available within the article (MET + EDX) and the other part (XRD and DTA) is presented at https://hal.archives-ouvertes.fr/hal-03861729.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Manikam, V.R.; Cheong, K.Y. Die Attach Materials for High Temperature Applications: A Review. IEEE Trans. Compon. Packag. Manuf. Technol. 2011, 1, 457–478. [Google Scholar] [CrossRef]

	



Zeng, G.; Mcdonald, S.; Nogita, K. Development of high-temperature solders: Review. Microelectron Reliab. 2012, 52, 1306–1322. [Google Scholar] [CrossRef]

	



Anderson, I.E.; Choquette, S.; Reeve, K.T.; Handwerker, C. Pb-free solders and other joining materials for potential replacement of high-Pb hierarchical solders. In Proceedings of the 2018 Pan Pacific Microelectronics Symposium (Pan Pacific), Big Island, HI, USA, 5–8 February 2018; pp. 1–11. [Google Scholar]

	



Morozumi, A.; Hokazono, H.; Nishimura, Y.; Mochizuki, E.; Takahashi, Y. Influence of antimony on reliability of solder joints using Sn-Sb Binary alloy for power semiconductor modules. Trans. Jpn. Inst. Electron. Packag. 2015, 8, 8–17. [Google Scholar] [CrossRef]

	



Osorio, W.R.; Peixoto, L.C.; Garcia, L.R.; Garcia, A.; Spinelli, J.E. The Effects of Microstructure and Ag3Sn and Cu6Sn5 Intermetallics on the Electrochemical Behavior of Sn-Ag and Sn-Cu Solder Alloys. Int. J. Electrochem. Sci. 2012, 7, 6436–6452. [Google Scholar]

	



Tunthawiroon, P.; Kanlayasiri, K. Effects of Ag contents in Sn–xAg lead-free solders on microstructure, corrosion behavior and interfacial reaction with Cu substrate. Trans. Nonferrous Met. Soc. China 2019, 29, 1696–1704. [Google Scholar] [CrossRef]

	



Shen, J.; Liu, Y.C.; Gao, H.X.; Wei, C.; Yang, Y.Q. Formation of Bulk Ag3Sn Intermetallic Compounds in Sn-Ag Lead-Free Solders in Solidification. J. Electron. Mater. 2005, 34, 1591–1597. [Google Scholar] [CrossRef]

	



Lee, L.M.; Mohamad, A.A. Interfacial reaction of Sn−Ag−Cu lead-free solder alloy on Cu: A review. Adv. Mater. Sci. Eng. 2013, 2013, 123697. [Google Scholar] [CrossRef]

	



Chiang, H.W.; Chang, K.; Chen, J.Y. The Effect of Ag Content on the Formation of Ag3Sn Plates in Sn-Ag-Cu Lead-Free Solder. J. Electron. Mater. 2006, 35, 2074–2080. [Google Scholar] [CrossRef]

	



Wang, T.; Chen, X.; Lu, G.Q.; Lei, G.Y. Low-Temperature Sintering with Nano-Silver Paste in Die-Attached Interconnection. J. Electron. Mater. 2007, 36, 1333–1340. [Google Scholar] [CrossRef]

	



Bai, J.G.; Zhang, Z.Z.; Calata, J.N.; Lu, G.Q. Characterization of Low-Temperature Sintered Nanoscale Silver Paste. In Proceedings of the Conference on High Density Microsystem Design and Packaging and Component Failure Analysis, Shanghai, China, 27–29 June 2005. [Google Scholar]

	



Metal Properties Table. Available online: https://www.tibtech.com/conductivite (accessed on 9 May 2022).

	



Schmitt, W.; Chew, L.M. Silver Sinter Paste for SiC Bonding with Improved Mechanical Properties. In Proceedings of the IEEE 67th Electronic Components and Technology Conference (ECTC), Lake Buena Vista, FL, USA, 30 May–2 June 2017; pp. 1560–1565. [Google Scholar]

	



Masson, A.; Sabbah, W.; Riva, R.; Buttay, C.; Azzopardi, S.; Morel, H.; Planson, D.; Meuret, R. Report de puce par frittage d’argent-mise en oeuvre et analyse. In Proceedings of the Power Electronics EPF, Novi Sad, Serbia, 26–28 October 2012. [Google Scholar]

	



Henaff, F.L. Contribution à L’étude, la Mise en Oeuvre et à L’évaluation D’une Solution de Report de Puce de Puissance Par Procédé de Frittage de Pâte D’argent à Haute Pression et Basse Température. Ph.D. Thesis, Université de Bordeaux, Bordeaux, France, 2014. [Google Scholar]

	



Buttay, C. Le Packaging en Électronique de Puissance. Ph.D. Thesis, Habilitation à Diriger des Recherches, INSA, Lyon, France, 2015. [Google Scholar]

	



Bai, G. Low-Temperature Sintering of Nanoscale Silver Paste for Semiconductor Device Interconnection. Ph.D Thesis, Virginia Polytechnic Institute and State University, Blacksburg, VA, USA, 2005. [Google Scholar]

	



Lu, G.; Calata, J.N.; Lei, G.; Chen, X. Low-temperature and Pressureless Sintering Technology for High-performance and High-temperature Interconnection of Semiconductor Devices. In Proceedings of the 2007 International Conference on Thermal, Mechanical and Multi-Physics Simulation Experiments in Microelectronics and Micro-Systems, EuroSime 2007, London, UK, 16–18 April 2007. [Google Scholar]

	



Li, J.; Agyakwa, P.; Johnson, C. Suitable Thicknesses of Base Metal and Interlayer, and Evolution of Phases for Ag/Sn/Ag Transient liquid-phase Joints Used for Power Die Attachment. J. Electron. Mater. 2014, 43, 983–985. [Google Scholar] [CrossRef]

	



Suganuma, K.; Kim, S.J.; Kim, K.S. High-Temperature Lead-Free Solders: Properties and Possibilities. JOM 2009, 61, 64–71. [Google Scholar] [CrossRef]

	



Mahayri, R.; Mercone, S.; Giovannelli, F.; Tan, K.L.; Morelle, J.M.; Jouini, N.; Schoenstein, F. Microstructure effects on thermal and electrical conductivities in the intermetallic compound Ag3Sn-based materials, sintered by SPS in view of die-attachment applications. Eur. Phys. J. Spec. Top. 2022, 1–6. [Google Scholar] [CrossRef]

	



Canaud, P.; Mahayri, R.; Schoenstein, F.; Gautron, E.; Tan, K.L.; Chauveau, T.; Morelle, J.M.; Maroteaux, F.; Jouini, N. Synthesis of Ag3Sn Submicrometer Particles via an Adapted Polyol Process in View of Their Use as Die-Attach Material in Power Modules. J. Electron. Mater. 2019, 48, 4637–4646. [Google Scholar] [CrossRef]

	



Fievet, F.; Ammar, S.; Brayner, R.; Chau, F.; Giraud, M.; Mammeri, F. The polyol process: A unique method for easy access to metal nanoparticles with tailored sizes, shapes and compositions. Chem. Soc. Rev. 2018, 47, 5187–5233. [Google Scholar] [CrossRef] [PubMed]

	



Brayner, R.; Fievet, F.; Coradin, T. Nanomaterials: A Danger or a Promise? Springer: Berlin, Germany, 2013. [Google Scholar]

	



Ammar, S.; Fievet, F. Polyol Synthesis: A Versatile Wet-Chemistry Route for the Design and Production of Functional Inorganic Nanoparticles. J. Nanomater. 2020, 10, 1217. [Google Scholar] [CrossRef]

	



Fievet, F.; Lagier, J.P.; Blin, B. Homogeneous and Heterogeneous Nucleations in the Polyol Process for the Preparation of Micron and Submicron Size Metal Particles. Solid State Ion. 1989, 32–33, 198–205. [Google Scholar] [CrossRef]

	



Jezequel, D.; Guenot, J.; Jouini, N.; Fievet, F. Submicrometer zinc oxide particles: Elaboration in polyol medium and morphological characteristics. Mater. Res. 1995, 10, 77–83. [Google Scholar] [CrossRef]

	



Poul, L.; Jouini, N.; Fievet, F. Layered Hydroxide Metal Acetates (Metal = Zinc, Cobalt and Nickel): Elaboration via Hydrolysis in Polyol Medium and Comparative Study. Chem. Mater. 2000, 12, 3123–3132. [Google Scholar] [CrossRef]

	



Benchikhi, M. Elaboration par Chimie Douce et Caractérisations de Semi-Conducteurs Nanométriques à Base de Sulfures (de type CuInS2) et D’oxydes (de Type CuMoO4). Ph.D. Thesis, Université de Toulouse, Toulouse, France, 2012. [Google Scholar]

	



Fievet, F.; Lagier, J.P.; Beaudoin, B.; Figlarz, M. Reactivity of solids. Mater. Sci. Monogr. 1985, 28A, 555–556. [Google Scholar]

	



Wang, Z.L. ZnO nanowire and nanobelt platform for nanotechnology. Mater. Sci. Eng. R. 2009, R64, 33–71. [Google Scholar] [CrossRef]

	



Figlarz, M.; Fievet, F.; Lagier, J. Procédé de Réduction de Composés Métalliques par les Polyols, et Poudres Métalliques Obtenues Par ce Procédé. Europe Brevet 0113281 B1, 20 December 1983. [Google Scholar]

	



Rossi, P.J.; Zotov, N.; Mittemeijer, E.J. Redetermination of the crystal structure of the Ag3Sn intermetallic compound. Z. Kristallogr. 2016, 1, 1–9. [Google Scholar] [CrossRef]

	



Ellner, M.; Mittemeijer, E.J. In situ and ex situ investigation of the displacive phase transformations Ag3Sn (h) to Ag3Sn (l) and Ag3Sb (h) to Ag3Sb (l). Z. Kristallogr. 2003, 1218, 675–682. [Google Scholar] [CrossRef]

	



Viau, G.; Toneguzzo, P.; Pierrard, A.; Acher, O.; Fiévet-Vincent, F.; Fiévet, F. Heterogeneous nucleation and growth of metal nanoparticles in polyols. Scr. Mater. 2001, 44, 2263–2267. [Google Scholar] [CrossRef]

	



Dakhlaoui, A.; Jendoubi, M.; Smiri, L.S.; Kanaev, A.; Jouini, N. Synthesis, characterization and optical properties of ZnO nanoparticles with controlled size and morphology. J. Cryst. Growth 2009, 311, 3989–3996. [Google Scholar] [CrossRef]

	



King, H.W.; Massalski, T.B. Lattice spacing relationships and the electronic structure of H.C.P. ζ phases based on silver. Philos. Mag. Lett. 1961, 6, 669–682. [Google Scholar] [CrossRef]

	



Gollas, B.; Albering, J.; Schmut, K.; Pointner, V.; Herber, R.; Etzkorn, J. Thin layer in situ XRD of electrodeposited Ag/Sn and Ag/In for low-temperature isothermal diffusion soldering. Intermetallics 2008, 16, 962–968. [Google Scholar] [CrossRef]

	



Fairhurst, C.; Cohen, J.B. The Crystal Structures of Two Compounds Found in Dental Amalgam: Ag2Hg3 and Ag3Sn. Acta Cryst. 1972, 28, 371–378. [Google Scholar] [CrossRef]

	



Jo, Y.H.; Jung, I.; Kim, N.R.; Lee, H.M. Synthesis and characterization of highly conductive Sn–Ag bimetallic nanoparticles for printed electronics. J. Nanopart. Res. 2012, 14, 782. [Google Scholar] [CrossRef]

	



Horo, J.; Harne, P.G.; Nayak, B.B.; Vitta, S. Low temperature coefficient of resistivity Ag–Cd and Ag-Sn alloys—Structure and transport. Mater. Sci. Eng. 2004, 107, 53–57. [Google Scholar] [CrossRef]

	



Bao, G.; Fan, Q.; Ge, D.; Sun, M.; Guo, H.; Xia, D.; Liu, Y.; Liu, J.; Wub, S.; He, B.; et al. In vitro and in vivo studies on magnesium alloys to evaluate the feasibility of their use in obstetrics and gynecology. Acta Biomater. 2019, 97, 623–636. [Google Scholar] [CrossRef]

	



Mizutani, U. The hume-rothery rules for structurally complex alloy phases. In Surface Properties and Engineering of Complex Intermetallics; World Scientific: Singapore, 2011. [Google Scholar]

	



Massalski, T.B.; King, H.W. Alloy phases of the noble metals. Prog. Mater. Sci. 1963, 10, 3–78. [Google Scholar] [CrossRef]

	



Novgorodova, M.I.; Gorshkov, A.I.; Mokhov, A.V. Native silver and its new structural modifications. Int. Geol. Rev. 1981, 23, 485–494. [Google Scholar] [CrossRef]








[image: Materials 15 08276 g001 550] 





Figure 1. Thermogram of Ag5Sn0.9 particles. 
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Figure 2. SEM photo and particle size distribution of Ag5Sn0.9 particles. 
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Figure 3. TEM images of Ag5Sn0.9 particles and elemental analysis. 
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Figure 4. X-ray diffractogram of Ag5Sn 0.9 particles. 
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Figure 5. Diagram of correspondence between the two hexagonal and orthorhombic crystal systems. 
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Figure 6. Top: Refinement based on the presence of only the hexagonal variety; middle: refinement based on the presence of only the orthorhombic variety; bottom: refinement based on the presence of the hexagonal variety and the orthorhombic variety. 
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Figure 7. Evolution of electron concentration (e/a) as function of tin molar fraction. 
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Figure 8. Evolution of the parameter ah as function of (e/a). 
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Figure 9. Evolution of the parameter bo as function of (e/a). 
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Table 1. Protocol of the synthesis of ζ-Ag5Sn0.9 particles in polyol medium.
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	Steps
	Materials





	Solvent
	Ethylene Glycol



	Surfactant (added at 50 °C)
	PVP58000



	Silver precursor and ratio (added at 70 °C)
	AgNO3; m(PVP/AgNO3) = 1



	t160 °C
	5 min



	Tin precursor and ratio
	SnCl2; n(Ag/Sn) = 1.14



	t160 °C
	5 min



	Reducing agent of tin
	NaBH4; n (NaBH4/Sn) = 19.6With continuous mechanical stirring and controlled addition to 0.25 g/15 s



	t180 °C
	1 h



	Cooling
	Water quenching (≤5 min)



	Centrifugation
	12,000 tr/min



	Drying of the powder
	At 70 °C for 12 h










[image: Table] 





Table 2. Quantitative analysis of areas 1 and 2.
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Analysis of Spectrum: Spectra from Area 1




	
Z

	
Element

	
Family

	
Atomic Fraction (%)

	
Atomic Error (%)

	
Mass Fraction (%)

	
Mass Error (%)

	
Fit Error (%)




	
47

	
Ag

	
L

	
84.90

	
8.20

	
83.63

	
5.85

	
0.07




	
50

	
Sn

	
L

	
15.10

	
2.09

	
16.37

	
1.99

	
0.10




	
Analysis of Spectrum: Spectra from Area 2




	
Z

	
Element

	
Family

	
Atomic Fraction (%)

	
Atomic Error (%)

	
Mass Fraction (%)

	
Mass Error (%)

	
Fit Error (%)




	
47

	
Ag

	
L

	
86.22

	
8.36

	
85.04

	
5.97

	
0.33




	
50

	
Sn

	
L

	
13.78

	
1.92

	
14.96

	
1.83

	
1.45
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Table 3. Atomic positions in hypothesis (iii): presence of the two allotropic varieties.
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Phase Variety

	
Atom

	
Quantity

	
Site

	
x

	
y

	
z

	
Biso

	
Occ






	
Orthorhombic and

hexagonal varieties

	
Ag

	
4

	
4e

	
0.00477 (9)

	
1/4

	
0.66865 (5)

	
0.6

	
1




	
Ag

	
2

	
2b

	
1/4

	
3/4

	
0.84618 (3)

	
1




	
Sn

	
2

	
2a

	
1/4

	
1/4

	
0.18709 (3)

	
1 − x (0.6)




	
Ag

	
2

	
2a

	
1/4

	
1/4

	
0.18705 (2)

	
x (= 0.4)




	
Ag

	
2

	
2c

	
1/3

	
2/3

	
1/4

	
0.85




	
Sn

	
2

	
2c

	
1/3

	
2/3

	
1/4

	
0.15











[image: Table] 





Table 4. Results of refinement of Ag5Sn0.9.
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Hypothesis

	
Symmetry

	
Space Group

	
Cell Parameters (Å)

	
% Phase

	
Sigma

	
Rwp

	
Rexp






	
(i)

	
Hexagonal

	
P63/mmc

	
a = 2.9550 (1)

c = 4.7906 (1)

	
100

	
1.152

	
11.678

	
10.139




	
(ii)

	
Orthorhombic

	
Pmmn

	
a = 5.9182 (7)

b = 4.7889 (1)

c = 5.1612 (5)

	
100

	
1.133

	
11.481

	
10.127




	
(iii)

	
Hexagonal

	
P63/mmc

	
a = 2.9530 (3)

c = 4.7906 (2)

	
59.9

	
1.07

	
10.855

	
10.112




	
Orthorhombic

	
Pmmn

	
a = 5.9271 (7)

b = 4.7971 (4)

c = 5.1823 (6)

	
40.1
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Table 5. Structural data of phases existing in the Ag-Sn system.






Table 5. Structural data of phases existing in the Ag-Sn system.





	
Phase

(Symmetry)

	
Space Group

	
a (Å)

	
b (Å)

	
c (Å)

	
      2 a    c   3    +  b 2       

	
e/a

	
Reference






	
Ag3Sn

(Orthorhombic)

	
Pmmn

	
4.78291 (2)

	
5.98854 (2)

	
5.15686 (2)

	
1.6019

	
1.75

	
[33]




	
Pmmn

	
4.785 (1)

	
5.988 (1)

	
5.159 (1)

	
1.6023

	
[34]




	
Pmmn

	
4.7802 (4)

	
5.968 (9)

	
5.1843 (9)

	
1.5995

	
[39]




	
Pmmn

	
4.7882 (1)

	
6.0009 (2)

	
5.1699 (4)

	
1.5999

	
[22]




	

	

	

	

	

	
     c   a     

	

	




	
Ag3Sn

(Hexagonal)

	
P63/mmc

	
2.9863 (8)

	

	
4.7840 (2)

	
1.6019

	
1.75

	
[34]




	
P63/mmc

	
2.9755 (6)

	

	
4.7742 (7)

	
1.6045

	
[22]




	

	

	

	

	

	
     c   a     

	

	




	
Ag4Sn

(Hexagonal)

	
P63/mmc

	
2.9658

	

	
4.7824

	
1.6131

	
1.60

	
[37]




	

	

	

	

	

	
     c   a     

	

	




	
Ag5Sn0.9

(Hexagonal)

	
P63/mmc

	
2.9530 (3)

	

	
4.7906 (5)

	
1.6222

	
1.45

	
This work




	

	

	

	

	

	
     2 a    c   3    +  b 2      

	

	




	
Ag5Sn0.9

(Orthorhombic)

	
Pmmn

	
4.7971 (4)

	
5.9271 (7)

	
5.1823 (6)

	
1.6109

	
1.45

	
This work




	

	

	

	

	

	
     c   a     

	

	




	
Ag

(Hexagonal)

	
P63/mmc

	
2.93 (1)

	

	
4.79 (1)

	
1.633

	
1.00

	
[45]
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