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Study of the Cu-Sn-In ternary system has become quite important in recent
years, due to new environmental regulations increasingly restricting use of Pb
for bonding technologies in electronic devices. A key relevant issue concerns
the intermetallic phases which grow in the bonding zone and strongly affect
its quality and performance. In this work, we focus on the #-phase (Cuzln or
CugSnj) that exists in both end binaries and as a ternary phase. We present a
neutron diffraction study of the constitution and crystallography of a series of
alloys around the 60 at.% Cu composition, and with In contents ranging from
0 at.% to 25 at.%, quenched from 300°C. The alloys were characterized by
scanning electron microscopy (SEM), electron probe microanalysis (EPMA),
and high-resolution neutron diffraction (ND). Rietveld refinement of ND data
allowed improvement of the currently available model for site occupancies in
the hexagonal #-phase in the binary Cu-Sn as well as in ternary alloys. For the
first time, structural data are reported for the ternary Cu-Sn-In #-phase as a
function of composition, information that is of fundamental technological
importance as well as valuable for ongoing modeling of the ternary phase

diagram.
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INTRODUCTION

Since the recent emergence of environmental
regulations increasingly restricting use of Pb in
soldering and bonding technologies in the electron-
ics industry, study of Pb-free alternative alloys has
received major attention.’ Not only new materials
but also new soldering methods are being explored
to improve the performance of joints under high-
temperature working conditions, such as so-called
transient liquid-phase bonding (TLPB) or diffusion
soldering.? This method relies on a diffusion-reac-
tion process between an interlayer solder and
the parent material or substrate, which in the
electronics industry is mostly copper. The advan-
tage of TLPB lies in the production of joints with
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microstructures and mechanical properties very
similar to those of the parent material, and capable
of withstanding higher temperatures.

Sn-based alloys are among the favorite Pb-alloy
substitutes for use in bonding technology, having
low melting points, low cost, good wettability, etc. In
particular, the Sn-In binary system with its eutectic
point at only 120°C (In-48 at.% Sn) constitutes an
excellent candidate to lower the processing tem-
perature of joints. However, interfacial reactions at
the solder/Cu interface and in the solder matrix lead
to the formation of intermetallic phases (IPs) which
are often brittle and hard, causing solder joint fail-
ure. Therefore, if Sn-In alloys are to become solder
candidates, the properties of the ternary Cu-Sn-In
system and its IPs as constituents of microelectronic
solder joints become a fundamental matter of
research. Paradoxically, the equilibrium phase dia-
gram of the Cu-Sn-In system is still not completely
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determined. It remains under evaluation,® with a
few experimental studies*® and one complete
thermodynamic calculation using CALPHAD.”
However, even the binaries Cu-Sn and Cu-In pres-
ent discrepancies regarding the crystallography of
the numerous IPs.

Of particular interest for industry and TLPB
technology is the IP called n-phase, which is present
in both Cu-In (CugIn) and Cu-Sn (CugSnj) alloys, as
it is commonly found in the Cu/solder interface. This
phase presents polymorphic transitions with tem-
perature, so in order to avoid confusion between the
two binaries, in the present work the high-temper-
ature form is called n(HT) and the low-temperature
modification is called #(LT). For CugSns the
n(HT) — »(LT) transition occurs at 186°C, whereas
for Cusln it would occur between 306°C and 383°C
for some authors,®® while for others the sequence of
phases is more complex.’®!’ In Cu-Sn alloys, the
LT — HT transition is accompanied by a specific
volume change of about 2.15% which is highly dis-
advantageous for the ]i)erformance of soldered joints
as it produces cracks.'®!?

Despite the unclear scenario regarding the crys-
tallography and stability of CusIn alloys, it has been
proposed that Cusln and CugSns form a continuous
solid solution in the ternary phase diagram between
186°C and 383°C, but no further details are given
about the ternary n-phase. It is important to note that
the proposal of a continuous solid solution comes from
microscopy observations of microstructure and by
conventional x-ray diffraction (XRD) which cannot
yield any information on the atomic distribution of In
and Sn in the proposed hexagonal crystallographic
cell, as the two elements are neighbors in the Periodic
Table. We present in this paper the first neutron
powder diffraction (ND) study of ternary Cu-Sn-In
alloys focusing on the crystal structure and phase
stability of the y-phase. Previous works and our
experience indicate that, unless very carefully pre-
pared, powders of these alloys are difficult to study
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using x-ray diffraction methods. This is mainly due to
a large linear absorption coefficient for Cu K, radia-
tion, and severe preferred orientation,'* in particular
for alloys subjected to long aging treatments. By
using ND we have largely overcome these issues. The
objective of the present work is to present a system-
atic study of the crystallography of the n-phase in
ternary Cu-In-Sn alloys, tracking the atomic
arrangement as the composition is varied from the
binary Cu-Sn n-phase towards the binary Cu-In
n-phase in the 300°C isothermal section.

EXPERIMENTAL PROCEDURES
Alloys

Seven Cu-In-Sn alloys with nominal compositions
lying in the proximity of the #-phase field are discussed
in this paper. The alloys were prepared by melting
nominal amounts of the high-purity (4 N) elements in
an electric furnace under a reducing Ar atmosphere,
and then cooling in air. The resulting ingots were
encapsulated in quartz ampoules under Ar atmo-
sphere, annealed at 300°C for 3 weeks to promote
homogenization, and then rapidly quenched to 0°C.

Optical microscopy inspection of Sn-rich alloys
S1-S5 reveals a microstructure composed of well-
developed grains with average size of 300 um
(matrix), some Sn segregation at grain boundaries,
and small amounts of a second phase close to the
edges with a different morphology, which tend to
disappear with increasing In content. We discuss this
issue further in “Results” section.

The composition of the alloys was determined by
electron probe microanalysis (EPMA) using the
wavelength-dispersive spectroscopy (WDS) technique
under an acceleration voltage of 15 kV. Measure-
ments were performed on several spots corresponding
to the matrix, grain boundaries, and segregated
phase. Results are summarized in Table I. Based on
the phase diagrams available for these alloys,'” the
matrix would correspond to the n-phase and the

Table I. Composition of the Cu-In-Sn alloys studied in the present work

Nominal Matrix Segregated Grain Boundaries
at.% at.% at.% at.%

Sample Cu In Sn Cu In Sn Cu In Sn Cu In Sn
S1 55 0 45 53.9 46.0 73.8 0.0 26.1 3.0 0.2 96.8
S2 55 1 44 54.3 1.1 44.5 74.2 0.2 25.6 2.1 2.1 95.8
S3 55 3 42 53.9 3.1 43.0 73.7 0.6 25.6 2.02 6.07 91.9
S4 55 5 40 55.6 5.0 39.4 74.0 1.1 24.9 0.9 57.2 87.7
S5 58 12 30 58.1 12.2 29.7 74.2 3.2 22.6 - - -
S6 60 20 20 61.2 20.4 18.4 - - - - - -
S7 60 24 16 60.8* 24 5% 14.7% - - - - - -

Samples S1-S6 were measured by WDS, selecting grains from the middle and from each edge of the ingots. The global composition of
sample S7 (marked with *) was measured by energy-dispersive spectroscopy (EDS).
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Fig. 1. Isothermal sections of the Sn-In-Cu ternary system at (a) 250°C after Lin et al.® and (b) 400°C after Kdester et al.* Symbols denote the
alloys studied in the present work, while shaded areas correspond to the following phase fields: #: CugSns, Cuzln; ¢: CuzSn;dy :

Cu41Sny1; 82 : Cuzlng;{: CuoSns; 7: CuyyInaSn* or CuyelngSn.”

segregated striped phase to the ¢-phase CusSn, in
agreement with microanalysis results.

In Fig. 1 we present the two currently available
isothermal sections of the ternary phase diagram
closest to the annealin% temperature used in the
present work: at 250°C® and at 400°C.* Superim-
posed on the diagrams we indicate the nominal
composition of our alloys, labelled S1-S7.

Neutron Diffraction

High-resolution ND experiments were performed
at the Institut Laue-Langevin (ILL) in Grenoble,

France. ND data at room temperature were collected
at diffractometer Super-D2B. A wavelength of
~1.59 A was used, with angular span of 150° and
step of 0.05°. The collimated beam on the sample was
32 mm x 9 mm using 50-mm horizontal slits. A Si
standard was used to calibrate the neutron wave-
length, yielding the value 1= 1.5937 + 0.0002 A.
This was in very good agreement with the cali-
bration performed by the beamline staff using a
NaCaAlF standard (1 = 1.5935 A).

Samples for ND experiments were obtained by
manually grinding alloy ingots for 10 min in an agate
mortar, resulting in fine powder. Measurements were
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Fig. 2. Optical micrographs for sample S1 at different magnifications.

performed in vanadium cylinders of 6 mm diameter
and 8 cm height filled with sample. Patterns were
collected in 150 min, and the diffractograms thus
obtained were processed with the full-pattern analy-
sis Rietveld method, using the program FULLPROF."

RESULTS
Constitution of the Alloys

Optical micrographs of sample S1 at different
magnifications are presented in Fig. 2. These ima-
ges show the presence of a main homogeneous
matrix, a segregated phase with a striped mor-
phology, and some material at the grain boundaries.
EPMA measurements collected at each of these
regions (Table I) reveal that the matrix corresponds
to the CugSnj (17) composition, the segregated phase
corresponds to the CusSn (¢) composition, and that
some pure Sn is present at the grain boundaries.
The high-resolution ND data for this sample con-
firm the coexistence of the n- and e-phases, but no
traces were found of the crystalline f-Sn phase,
suggesting that the quenching process resulted in
retention of noncrystalline Sn from the melt. This is
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Fig. 3. (a) Crystallographic model currently available for the high-
temperature CugSns phase (ICSD 56282) in which Cu (dark atoms)
and Sn (light atoms) occupy randomly the Wykoff sites 2a and Zc,
represented by partial shadings. Solid lines indicate the unit cells
(four in the picture) of the P6s/mmc space group. (b) Crystallographic
model resulting from refinement of ND data. Cu atoms occupy
completely site 2a and In atoms site 2c. The remaining Cu partially
occupies site 2d. Figure produced using the software VESTA.?!

also supported by the background profile in the
diffractograms. Diffraction from the #- and ¢-phases
show, on the other hand, a high degree of
crystallinity.

The refinement strategy started with the available
model for the high-temperature CugSns phase (ICSD
56282, after Ref. 17) in which Cu and Sn atoms occupy
randomly the Wykoff positions 2a and 2c¢ of the
P63/mmec space group; i.e., the occupancy of each site
is 55% Cu and 45% Sn, as schematized in Fig. 3a.
Although the cell metrics were correct, this model
could not account for the relative intensities in our
diffractogram and led to poor fits, as shown in Fig. 4a.
Refinements improved greatly (Fig. 4b) when site
occupancies were set to 2a with 100% Cu and 2¢ with
100% Sn. The excess Cu was allowed to occupy the 2d
site as in the high-temperature Cusln #-phase (ICSD
102982 after Ref. 18, ICSD 627998 after Ref. 19).
All attempts to refine these occupancies with both
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atom types quickly converged to the same result,
schematized in Fig. 3b. In fact, this distribution of
atoms is the one that actually corresponds to NiAs, as

(a)

Intensity [a.u.]

Intensity [a.u.]

20 25 30 35 40 45 50 55 60
20[deg]
Fig. 4. (a) Best fit of the n-phase based on the model proposed in
the databases, where Cu and Sn atoms occupy randomly the
Woyckoff positions 2a and 2c of space group P6s/mmec. (b) Improve-

ment of the fit when the site occupancies correspond to the model in
Fig. 3b.

also used to refine the XRD data of CugSnjs by Nogita
et al.?® as well as Peplinski et al.'*

On the other hand, several models are available
in the literature for the ¢-phase CusSn, such as
ICSD cards 162569, 103102, 103103, and 629268.
Among them, our ND data could only be success-
fully refined using the orthorhombic space group
Cmem with a long-period superlattice (ICSD 103102
and PDF 65-5721 after Ref. 22). This has been
previously reported to be the case when samples are
annealed for a long time in the high-temperature
¢-phase region and subsequently quenched.?® As
this phase is only found in samples with very little
In, the refinements were performed considering
stoichiometric CusSn to simplify the problem,
although according to the available phase diagrams,
this phase should present a certain In solubility too.
In Fig. 5 we show the complete Rietveld refinement
(solid line) of the high-resolution data (symbols)
collected at room temperature for sample S1. The
Bragg reflections indicated at the bottom by vertical
bars correspond to each of the above-mentioned
phases. The presence of the ¢-phase has been high-
lighted using arrows. Structural data obtained from
the refinement are summarized in Table II. It is
worth noting that almost all the diffractograms
present a rather high background with a nontrivial
dependence on 20. The reason is most probably the
presence of noncrystalline Sn retained by quenching
from the melt. There is also weak evidence of some
LT-p-phase in very small amounts. Deeper discus-
sion of these issues is presented in a separate report
dealin% with in situ high-temperature measure-
ments.?* For this reason, the Rietveld refinements
present rather high values of y? and the data
backgrounds are not perfectly accounted for. How-

Intensity [a.u.]

10 20 30 40 50

60 70

80 90 100 110 120 130 140

20 [deg]

Fig. 5. Rietveld refinement for sample S1 with nominal composition 55 at.% Cu-45 at.% Sn quenched from 300°C, from ND data collected at
room temperature. Vertical bars at the bottom indicate Bragg reflections from the HT-»-phase and the orthorhombic ¢-phase. The most intense
reflections from the latter have been indicated with arrows. The line at the bottom corresponds to the difference between the experimental and

calculated patterns.
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Table II. Structural parameters refined from ND data at room temperature

S1 S2 S3 S4 S5 S6 S7
n-Phase
a 4.2141(1) 4.2129(1) 4.2157(1) 4.2187(1) 4.2366(1) 4.2465(1) 4.2500(1)
c 5.1061(2) 5.1045(2) 5.1064(1) 5.1091(1) 5.1328(2) 5.1607(2) 5.1785(2)
I 0.95(1) 0.98(1) 0.99(1) 1.00 0.98(2) 1.00 1.00
Occcy — 24 1.00 1.00 1.00 1.00 1.00 [1.00] 0.95 [1.00] 1.00 [1.00]
Occcy — 24 0.22 [0.22] 0.20 [0.22] 0.21 [0.22] 0.23 [0.22] 0.35 [0.38] 0.43 [0.5] 0.46 [0.5]
Ocegn — 2¢ 1.00 0.98 [0.98] 0.955 [0.94] 0.936 [0.89] 0.77 [0.71] 0.50 [0.5] 0.40 [0.4]
Occry, — 2¢ 0.00 0.02 0.06 0.11 0.28 0.47 [0.5] 0.61 [0.6]
Ry 9.44 8.43 11.6 9.9 6.8 14.2 8.7
¢-Phase
a 5.5216(5) 5.5230(5) 5.6230 - 5.5217(8) - -
b 47.772(5) 47.776(5) 47.776 - 47.724(5) - -
c 4.3280(5) 4.3281(5) 4.3281 - 4.3302(5) - -
£ 0.05(1) 0.02(1) 0.01(1) 0 0.02(2) 0 0
Ry 25.5 38.5 - - 41 - -
P 184 30.0 16.3 15.1 9.0 9.9 8.3

The n-phase was refined in the P6y/mmc space group with occupied Wyckoff positions 2a = (000), 2¢ = (33}) and 2d = (}32). Only the
values of refined occupancy are reported in the table. Next to the refined values, the nominal occupancies for each site using model A (see
text) are indicated in brackets. Numbers in italics represent fixed parameters. The ¢-phase was refined in the orthorhombic space group
Cmecem after Ref. 22. Lattice parameters, phase fractions (f), and refined occupancies are reported, as well as indicators of the quality of the

fits.

Fig. 6. Optical micrographs for samples S2—-S5. The 5-phase grains
are well developed, and some ¢-phase is also observed in most
samples, particularly at the ingot's edges.

ever, this does not affect the most relevant struc-
tural results obtained from the fits.

The metallographies from samples with increasing
In content, up to S5 (nominal 12 at.% In-30 at.% Sn),
present the same trend as sample S1. They all con-
sist mostly of a homogeneous phase (consistent
with the n-phase composition), surrounded by some
Sn-rich grain boundary segregation, plus some tra-
ces of a second segregated phase (consistent with the

e-phase composition) at the edges. This is illustrated
in Fig. 6 for samples S2—-S5.

Figure 7 shows the ND data for samples S5-S7.
When In is added to the alloys, we can see from the
diffraction data that no further reflections appear,
indicating that In is indeed being incorporated into
the crystal structure of CugSns. However, a further
set of samples with increasing In content along the
proposed n-phase field, which will be reported in a
separate paper, already show the presence of
additional reflections for 27 at.% In.>* In the fol-
lowing we focus on samples with less than
25 at.% In.

The question now arises about the location of the
In atoms in the y-phase. In the Rietveld refinement,
it is not possible to set all the occupancies as free
parameters given that there are three atomic spe-
cies to allocate in three possible crystallographic
sites, resulting in an undetermined system of
equations. A second set of complementary experi-
mental data would be needed to solve the problem.
Instead, we selected, among the various possibili-
ties, two models which are consistent with the
atomic distribution in both end binaries. In mod-
el A, copper atoms completely occupy site 2a, as was
unambiguously obtained from the refinement of
sample S1. Tin and indium atoms completely occu-
py site 2c¢ in proportions according to the stoichi-
ometry of the alloy, and excess copper occupies site
2d, which may remain partially unoccupied. In
model B, site 2¢ is completely occupied by tin,
whereas site 2d is shared by copper and indium
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Fig. 7. Rietveld refinements for samples S5-S7 with nominal com-
positions 58 at.% Cu-30 at.% Sn-12 at.% In, 60 at.% Cu-20 at.% Sn-
20 at.% In, and 60 at.% Cu-16 at.% Sn-24 at.% In, quenched from
300°C, from ND data collected at room temperature. Vertical bars at
the bottom indicate Bragg reflections from the phases included in the
refinement: the HT-»y-phase and the orthorhombic e-phase (just in
S5). The line at the bottom indicates the difference between the
experimental and calculated patterns.

atoms. Based on the above models and the nominal
composition of each alloy, the occupancy at each site
should be governed by the following relations:
1+ Cu(2d)
2 + Cu(2d) + In(2d)

In(2¢) + In(2d)
2 + Cu(2d) + In(2d)
1 —In(2¢)
2+ Cu(2d) + In(2d)

38;=at.% Cu

38;=at.% In

38; = at.% Sn,

where Cu(2d) stands for the occupancy of Cu at the
2d site. For model A, we assume In(2d) =0 and
calculate the remaining nominal occupancies as

2 x at.% Cu—1
Cu(2d)38; = ——— o=
at.% In
In(2¢)38; = 1— o Gu

Sn(2¢)38; =1 — In(2c)

For model B, we set In(2¢) = 0 and calculate the

nominal occupancies as

1-2xat.%Cu-—at.%In

Cu(2d)38; = +t.% Sn

at.% In
In(2d)38;= 2% Sn
Sn(2¢)38;= 1.

Refinements were first conducted using the above
nominal occupancies as fixed parameters. The
comparison did not give clear conclusions for S2, but
from S3 to S7 it was clear that model B could not
account for the data. In a further step, some occu-
pancies were set as free parameters starting from
model A, which resulted in the fits shown in Fig. 7.
The same procedure was applied using model B, but
the refined occupancies moved to values lacking
physical consistency, whereas the use of model A
converged to very reasonable values. In Table II we
list the refined occupancies. Next to the refined
values, the nominal occupancies based on model A
are quoted in brackets. Occupancies in italics
indicate fixed parameters.

There are certain issues to note. As stated above,
only a complementary set of experimental data
would allow simultaneous refinement of all the
occupancies. The present model leads to good
agreement with the data, but there may be other
combinations that are also possible. For this reason,
further experiments on the same samples are in
progress to tackle this question using a site-specific
technique such as synchrotron x-ray absorption
fine-structure spectroscopy. Secondly, let us recall
that a further hint about the probable site for In
could be at the Cu-In side of the phase diagram. The
literature on the binary Cusln #-phase, however,
shows severe inconsistencies. Focusing just on the
hexagonal HT form of this phase, sharing the same
space group as CugSns, the In atoms are reported
either in the 2c¢ site (ICSD 102982 after Ref. 18,
ICSD 627998 after Ref. 19) or in the 2d site (ICSD
657611 after Ref. 25). The discussion above would
give support to the former.

In Table II we summarize the most relevant
crystallographic parameters obtained from the
refinement of samples S1-S7. Although the site
occupancies are constrained to the above picture,
the structural parameters should not be severely
affected. In the following section we discuss their
composition dependence.
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Fig. 8. Lattice parameters of the hexagonal n-phase as a function of each alloying element concentration.

Structural Parameters as a Function
of Composition

In Fig. 8 we present the lattice parameters
a (upper panels) and ¢ (lower panels) as a function of
each component concentration. We observe that the
¢ parameter is controlled by the Cu concentration in
the In-poor region, whereas for more In-concen-
trated alloys there is a linearity in the lattice
parameters with concentration.

To rationalize the composition dependence of the
n-phase volume, we present in Fig. 9 a plot of the
unit cell volume as a function of the average
atomic (covalent) radius, calculated as () [A] = at.% Cu
x1.32A + at.% Sn x 1.39A + at.% In x 1.42 A, where
the values for the individual atomic species were taken
from Ref. 26. On the same graph we represent the cal-
culated volume for data from the binaries CugSns and
Cusln. It is interesting to note that, for the first four
alloys, sharing the same Cu content, the volume of the
cell remains almost unchanged, and the volume is gov-
erned by the Cu fraction. Between samples S4 and S5,
although they have the same average radius (r), there is
a jump in volume due most probably to the doubling of
the In content together with an increase in Cu from
55 at.% to 58 at.%. The alloys reported by Che and
Ellner®® for the CuyIn phase, with a Cu concentra-
tion around 66 at.%, illustrate clearly the strong
dependence of volume on Cu concentration. Finally, we
show in Fig. 10 the c/a ratio for the present
alloys, together with that reported by Che and Ellner?
for CuslIn.

84 T v T g T
B—E— — —8
Cu,In
2
82 s
< _a
= e
E sol 5’ //‘ i
= i
R il
© & A
< ;'“‘*""_'* —&— Present work
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@& Peplinski et al, 1996
& ® Nogita et al, 2009
& © Gangulee et al, 1973
? 1 1 1
1.352 1.354 1.356
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Fig. 9. Unit cell volume of the 5-phase as a function of the average
atomic (covalent) radius. Data for the binaries CugSns and Cusln
from Refs. 14, 17, 20, 25 are also presented.

CONCLUSIONS

Although much work has been devoted to the
study of intermetallic phases in Cu-Sn and Cu-In
alloys, a systematic diffraction study of ternary
Cu-In-Sn alloys was still lacking. The present work
has been devoted to study the y-phase field region in
the ternary phase diagram. We present here data
from neutron diffraction, a technique not used
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Fig. 10. Axial ratio c/a for the ternary n-phase as a function of concentration of each alloying element.

before—to the best of our knowledge—to study
these systems. We found this technique to be ex-
tremely useful to overcome common experimental
difficulties related to XRD measurements, which
may be at the origin of the confusing and inconsis-
tent information available in the standard crystal-
lographic databases. Our results confirm that In
additions between 0 at.% and 25 at.% can stabilize
the #n-phase at 300°C without forming further
superstructures, as proposed in the available phase
diagrams.*® However, further In addition results in
the appearance of a number of extra, weak Bragg
reflections indicating either phase coexistence or
superstructure formation. Those alloys are not dis-
cussed in the present paper, and will be reported
separately. A discussion has also been presented
about the possible site occupancies for each element
in the ternary phase. To sum up, structural data for
the ternary n-phase are reported, which can be of
value in the study and modeling of diffusion pro-
cesses for new bonding technologies, as well as for
calculations of stable and metastable phases in the
ternary phase diagram.
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