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Phase formation at the Sn/Cu interface during room temperature
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The time-resolved evolution of intermetallic phase formation in the system pure Sn (polycrystalline
coating with a thickness of several microns) on pure Cu (polycrystalline bulk substrate) was
investigated in detail by means of focused ion beam and transmission electron microscopy and
x-ray diffraction during aging at room temperature for a period of about 1 year. The availability of
this coherent data base allowed interpretation of the evolution of intermetallic compound (IMC)
formation in terms of interface thermodynamics and interdiffusion kinetics. On this basis
spontaneous Sn whiskering on the surface of the Sn coating as a consequence of intermetallic phase
(CugSns) formation along, specifically, Sn grain boundaries intersecting the Sn/Cu interfaces could
be discussed. Moreover, a treatment to mitigate spontaneous Sn whiskering on the basis of
thermodynamic control of the IMC morphology was proposed.

. INTRODUCTION

Pure Sn and Sn-based alloys deposited on electronic
components (e.g., composed of Cu) are frequently used
for soldering and protection. However, since nearly
60 years it is well known that Sn coatings are very prone
to the formation of filamentary Sn whiskers'* which can
potentially cause short-circuit failure of the electronic
equipment during operation. Hence, the history of Sn
whiskers is characterized by enormous financial damage
associated with breakdowns of satellites, computer cen-
ters, and military and medical devices.? Thus, there exists
a great need for reliable whisker mitigation treatments.
This is an issue of, in particular recent, great technological
and scientific interest.

Sn whiskers are needle-like single crystals® which grow
spontaneously on the surface of Sn-coated Cu substrates
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during aging at room temperature™’ through continuous
addition of material to their base.® Even though the growth
mechanism of a Sn whisker™”'® still remains to be
revealed, the “driving force” for Sn whisker growth could
be related to the build-up of residual mechanical stresses in
the Sn coating™®'>'®182% and thus whisker growth serves
as a stress relief mechanism.>'>'5-2° After Sn deposition on
a Cu substrate and subsequent aging at room temperature,
Cu diffuses rapidly by an interstitial mechanism into the Sn
coating®?®?” and the formation of the intermetallic phase
CueSns takes place on the Sn side of the Sn/Cu interface,
preferentially along Sn grain boundaries.>®'%2%%-2% Con-
tinued growth of CugSns on the Sn side occurs along the
CueSns/Sn interface by a continuous supply of Cu atoms,
which takes place via Cu diffusion through CugSns grain
boundaries and interstitially in Sn.*® Very recently it was
shown experimentally that the growth of the intermetallic
phase CugSns along Sn grain boundaries intersecting the
Sn/Cu interface induces in-plane residual compressive
stresses, in combination with residual stress gradients
(in out-of-plane®* and in-plane®® directions) in the Sn
coating, which act as driving forces for the transport of
Sn atoms to the whisker nucleation site and thus control
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whisker growth. Whisker formation would thus not occur if
the intermetallic phase CugSns would grow only in a planar
morphology at the Sn/Cu interface, as such a planar growth
mode would not generate compressive residual stresses
(and thus stress gradients) in the Sn coating.’*>' Also
theoretical studies based on finite-element simulations
support a correlation between whisker formation, the
morphology of the intermetallic phase CueSns, and the
developing stress gradients.”>*

Even though the morphology of intermetallic phase
formation (i.e., growth along Sn grain boundaries) seems
to be decisive for spontaneous Sn whiskering in the
system Sn on Cu during aging at room temperature,5 620
arigorous explanation of the observed intermetallic phase
formation along grain boundaries in the Sn coatings, as
compared to such phase formation along the Sn/Cu
interface (and, possibly, along Cu grain boundaries),
lacks. This work aims to present a comprehensive un-
derstanding of intermetallic phase formation in the system
(polycrystalline) Sn on (polycrystalline) Cu during aging
at room temperature by interpreting experimental results in
terms of interface thermodynamics and interdiffusion
kinetics. As a result, a route to avoid whiskering can be
proposed. These findings thereby also shed light on the
whisker-mitigating effect of Pb in Sn coatings.

Although investigations of intermetallic phase forma-
tion are abundant (see above), a detailed, time-resolved
evolution of intermetallic phase formation in the system
pure Sn on pure Cu lacks.>'®*> For this reason, the
current project incorporates such detailed experimental
investigation by means of focused ion beam (FIB) and
transmission electron microscopy (TEM) and x-ray dif-
fraction during aging at room temperature for a period of
about 1 year. On this basis, a thermodynamic and kinetic
interpretation of the evolution of intermetallic phase
formation was found to be possible.

Il. EXPERIMENTAL

Polycrystalline Sn thin films with a thickness of about
3 um were electrodeposited onto pure Cu substrates
(commercial leadframe material) using an industrial elec-
trolyte by employing a laboratory electrodeposition setup
(for further details see Ref. 21). For x-ray diffraction
analysis of phases (see below), Sn thin films with a thickness
of about 1 pm were used to enhance the (relative)
contribution to the diffraction pattern of the intermetallic
phase growing at the film/substrate interface. Directly after
Sn deposition, the surface of the specimens was rinsed with
methanol and subsequently the specimens were dried and
aged at room temperature (i.e., storage at ~25 °C/25 —

chemical analysis by conventional energy dispersive
x-ray analysis.

After different aging times at room temperature, the Sn
thin films of separate specimens were stripped off selectively
using an etching solution of 92 vol% methanol, 5 vol%
HNO;, and 3 vol% HCI** to investigate the evolution of the
growth morphology of the intermetallic phase at the Sn/Cu
interface.

X-ray diffraction phase analysis employing the con-
ventional (0/20) diffraction geometry (with a step size of
0.02° 20 and a counting time of 1 s per step) was
performed using a Bruker TXS D8 Discover (parallel-
beam, Bruker, Karlsruhe, Germany) diffractometer with
Cu Ko radiation (emerging from a micro-focus Cu x-ray
rotating anode operating at 50 kV/20 mA) and an energy
dispersive detector.>*

To prepare and investigate cross-sections of the Sn layer,
the Sn/Cu interface, and the Sn whiskers for different room
temperature aging times, a dual-beam FEI Nova NanolLab
600 (Hillsboro, OR) apparatus was used, which allows
cutting the specimens with a focused Ga-ion beam and
imaging subsequently the prepared cross-section by means
of either a focused ion beam or a focused electron beam in
scanning mode. The FIB apparatus was also used for
preparing thin (~50-60 nm) cross-sectional lamellae suit-
able for TEM analysis. The TEM investigations were
conducted using a Philips CM 200 (Philips, Amsterdam,
Netherlands) microscope operated at 200 kV.

lll. THERMODYNAMIC CALCULATIONS

In the following, thermodynamic expressions for the
Gibbs energies of interfaces crucial to this paper are
summarized. For a detailed treatment of the concerned
interface thermodynamics, the reader is referred to the
original publications.*=°

A. Gibbs surface energy of a single-component
crystalline phase

The Gibbs surface energy of a single-component crys-
talline phase <A>, GS< A>> can be expressed as

GS<A> =HS<A> - TSS<A> ) (1)

where HS , _ is the surface enthalpy, T is the temperature,
and % , _ is the surface entropy. The Gibbs surface energy
per mol of surface atoms (e.g., G>,. in J/mol) is
connected to the surface energy per unit area (e.g., v AS
in J/mz) by the contact surface area O~ per mol surface
atoms according to’’

50% relative humidity). The surfaces of the Sn thin films S G, )
were regularly checked during the initial aging stage for T<a> = Ocrs (2)
the onset of Sn whisker growth using a scanning electron
microscope (SEM). The SEM was also used for local ~ with Ocps=f¥"CVZ3_ |
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where  f2X0(=0.35) is a geometrical factor,

C =5.42N,> =45 x 108 mol'/? (with N,, the Avoga-
dro number) is a constant, and V_ 5~ is the molar volume.

B. Gibbs surface energy of a binary
crystalline phase

The Gibbs surface energy of a binary crystalline phase
<<AB> [in this work being either a crystalline solid
solution or a crystalline intermetallic compounds (IMCs)],
GS AB>> can be obtained by considering the energy in-
crease upon fracturing and thus creating a new surface®>:

s _ s s
Glap> =Coa>Glps +cp-Glpe (3)
vapor
_f<i>AH<AB> ;

where c.;~ is the atomic fraction of the component i in
<AB>, fUP = P = (Y = 0.35, and AHzp~ is
the enthalpy of formation of the binary crystalline phase.
In the case of a crystalline solid solution, the phenomenon
of surface segregation (leading to the deviation of the
surface composition from the bulk composition) should be
taken into account for the calculation of G2 ,5., as
described in Ref. 35.

The surface energy of a binary crystalline phase

<AB> can be calculated from

GS
S — <AB> (4)
T<aB> vapor CV2/3
<i> <AB>

with V_ g~ as the molar volume of the binary crystalline
phase <AB>.

C. Gibbs energy of the interface between two
single-component crystalline phases

The Gibbs energy of the interface between two single-
component crystalline phases <A> and <B>, GI< A>/<B>
comprises the contributions of the elastic (misfit) energy and

the chemical interaction:

GI<A>/<B> = Glﬁlzisgc/<B> + Gllexe:l;aiB> ) (5>
(1) The Gibbs interfacial elastic energy Gief§>0<8> can
be related to the energy of a high-angle grain boundary in
pure metals, which is about one-third of the averaged
Gibbs surface energies for both metals, as shown by the
empirical estimations>®:

GI,elastic — 1 GS<A> + GS<B> 6
<A>/<B> " 3 D) ) (6)

As a particular case, the energy of a high-angle grain
boundary in <A>, that is, an <A>/<<A> interface,
GYB _, is assessed by’

GG<BA> :GI<A>/<A> GS<A> ) (7)

Q| ==

(2) The Gibbs interfacial chemical energy Giciin;if}]b
can be described by means of the corresponding enthalpy

and entropy terms:

Gl,chemical _ Hl,chemical

I,chemical
<A>/<B> Y <A>/<B> —1s

<A>/<B>

) (8>

which can be rewritten as follows:
vapor

70 70
Gl,chemical — <i>(AH<A>in<B> +AH<B>in<A>)
<A>/<B> P
0.5
110

Z 0.59,' + Aeinterface ’

©)

with f7 = U= £ = 0,35, AR, . and
AH%,_. - as partial enthalpies of dissolution of A (B)
atoms in <B> (<<A>) at infinite dilution (the values of
AHY, . 5. and AH,_. _,_ can be obtained experi-
mentally, for example, see Ref. 40, or from the thermody-
namic models used for the calculation of a binary A-B
phase diagram, see Sec. III. E), R is the gas constant, 0; is the

Debye temperature of  phase <i>, and
Abpirace =341 1073 (21

— T 3R In

$); see also Ref. 41).

Finally, the grain boundary energy of a single-compo-
nent crystalline phase <A>, ySB_ | and the interface
energy between two single-component crystalline phases
<A>and <B>,y.,_ /<p>- can be calculated as follows:

1
Y(iBA> = §Y5<A> J (10)
G, /<B
<A>/<B>
YI<A>/<B> = 2/3 ) (11)

Vapor ~y;
<i>CV<A>—<B>

with Veps_—p> as the average molar volume of the <A>
and <B> phases.

D. Gibbs energy of the interface between
a single-component crystalline phase and
a binary crystalline phase

The Gibbs energy of the interface between a single-
component crystalline phase <<A> and a binary crystal-
line phase <AB> (in this work being either a crystalline
solid solution or a crystalline IMC), G, _ J<AB>»> COM-
prises the contributions of the elastic (misfit) energy and

the chemical interaction, analogous to the Gibbs energy of
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the interface between two single-component crystalline

phases GI<A>/<B> [see Eq. (5)]:
1 _ lelasti 1,chemical
G<A>/<AB> _G<ezis>lc/<AB> +G<C/fr;1?a<AB> ’
(12)

Accordingly, both terms can be expressed as

S S
Gl,elastic — l G<A> +G<AB> (13)
<A>/<AB> 3 2 ’
I,chemical _ ryl,chemical I,chemical
G<A>/<AB> _H<A>/<AB> _TS<A>/<AB> )

(14)
Further, it follows for the chemical contribution:

I,chemical __ pvapor 4 70
G<A>/<AB> - <i>AH<A>in<AB>

* £vacuum A Q
_Tf<i> ASO<A>in<AB> ’

with £ = Y = £ = 035, AHY, - as the
partial enthalpy of dissolution of A atoms in <AB> at
finite dilution (at c<p> = ¢35.), and AS® , .. _, . as the
partial entropy of mixing (at c<g> = ¢ . ) (in the case of
solid solutions the possible occurrence of surface segre-
gation has to be taken into account, see Sec. III. B). Note
that extra energy terms have to be incorporated if <A>
and <AB> do not exhibit the same crystal structure, to
ensure the same reference state for all phases.

Finally, the energy of the interface between <A> and
<AB>> phases can be calculated from

(15)

1
G<A>/<AB>
vapor ~i72/3 ’
<i>CV<A>—<AB>

VI<A>/<AB> = (16)

where Vox~_<ap> stands for the average molar volume of
the <A> and <AB>> phases.

E. Thermodynamic data

According to the binary Sn—Cu “bulk” phase diagram
(see for example Ref. 42) and within the temperature range
of interest, that is, from 0 to 200 °C, (i) two intermetallic
phases (n’-CueSns and e-CusSn) are stable and (ii) the
solubility of Cu in Sn, and that of Sn in Cu, can be
neglected. In the calculations, the formation of crystalline
solid solutions (with compositions of “CugSns” and
“CusSn”), competing with the formation of the IMCs
(n'-CugSns and e-CusSn), was also considered (for the
solid solutions the possible occurrence of surface segre-
gation was taken into account in the calculation of the
surface/interface energies, see Sec. III. B and III. D).

The thermodynamic parameters required for the calcu-
lation of (interface) energy values according to the expres-
sions presented in Sec. III. A-III. D were obtained from
both the experimental data (Table I) and theoretical calcu-
lation (Table II) by employing the quantitative thermody-
namic models presented for the system Sn—Cu.®

The Gibbs energies of formation of the IMCs CugSns
(n’) and Cu3Sn (¢) are expressed as

AG _cysne> = — T747.65 — 03717 (J/mol) , (17)

AG _ ¢y = — 113184 +3.1T  (J/mol) , (18)

with T in K.

The Gibbs energy of the formation of a Cu—Sn solid
solution phase with a face-centered cubic (fcc) structure is
given as

G< CuSn—sol > — CCUG(()ju + CSnng
+ RT (ccylnce, + csnln cg,)
+ Geé CuSn—sol > (J/mOI) ’ (19)

with the excess molar Gibbs energy, GZ g, <or>> giVen
by
 CuSn—sol> = CcuCsn[—33842.061 + 33.557T
+ (—1900 — 23.3425T)(ccy — Csn)

—1.0237T(ccy — csn)*]  (J/mol)
(20)

with T'in K and c-;~ as atomic fraction of the component i
in Cu—Sn solid solution.

To account for the body-centered tetragonal (bct)
structure of Sn, the Gibbs energy difference pertaining
to the bct—fcc transformation can be accommodated
using**:

AGSn(bct) )y~ A(;Sn(bct) - AGSn(fcc)

=4150 — 52T (J/mol) ,  (21)

—Sn(fec

with T in K.

F. Critical thickness for phase formation

For the system (polycrystalline) Sn layer on (poly-
crystalline) Cu substrate, three potential sites for the
formation of CugSns and CusSn (both as IMC and as solid
solution) were considered in the present study, as shown
schematically in Fig. 1: (a) at a Cu grain boundary <Cu>/
<Cu>, (b) at a Sn grain boundary <Sn>/<Sn>, and
(c) at the interface between Sn and Cu <Cu>/<Sn>. At
each of these sites, the formation of a new phase is
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TABLE 1. Experimental data for some thermodynamic parameters for relevant phases in the system Sn—Cu taken from Refs. 45-47.

<Cu> <Sn> <CugSns—sol> <CuzSn-sol> <CugSns> <Cu3Sn>
V; (10~° m*/mol) 7.10°* 16.29* 11.28* 9.39° 10.73* 6.82°
Ceu (at.%) 100 0 0.545 0.750 0.545 0.750
0; (K) 343° 200°

2.07-0.37 x 107°T° 0.88-1.92 x 10771°

Yii> (J/mz)

Ref. 45, °Ref. 46, “Ref. 47.

V, molar volume; Cc,, atomic fraction of Cu; 6, Debye temperature; y°, surface energy (7 in K). The notation “sol” refers to solid solution.

TABLE II. Theoretical data for thermodynamic parameters for the relevant phases in the system Sn—Cu.

43

AI:I(iSn>in<Cu> AI:IgCu>in<Sn> A[.I<Sn(bct)>~><Sn(fc<:)> AS<Sn(bct)>~v<5n(fcc)>

—35742 J/mol —27792 J/mol 4150 J/mol 5.2 J/mol K
AI~I<Cuf,Sn5> AS<Cuf,Sn5> AI_1<Culsn> AS<Cu35n>
—7748 J/mol 0.37 J/mol K —11318 J/mol —3.1 J/mol K
AI~I<CubSn57$01> AS<Cuf,Sn5750]> AI_1<Cu;SnfS()]> AS<Cu35n7501>
—6546 J/mol . 0.29 J/mo(} K —5486 J/mol . 1.92 J/mg(} K
AH25n>in<Cu(,Sn5> AH&Cu>in<Cu(,Sng> AS<Sn>in<Cu(,Sn5> AS<Cu>in<Cuf,Sn5> AI—IQSn>in<Cu;Sn> A1—12(‘,u>in<C\.13Sn> AS<Sn>in<Cu}Sn> AS<Cu>in<Cu3Sn>
~ —7748 J/mol 0% OéggKJ/mol K ~ —11318 J/mol 4%) 7;9.81KJ/mol K

770; at 298 K <V; at 770; at 298 K ; at
A[.I<Slr:>in<Cug,Sn5—So1> AS<Sn>in<Cu<,Sn5 —Sol> AI~1<Sd‘t:>in<Cu3Sn—Sol> AS<Sn>in<Cu;Sn750]>
3234 J/mol . 3.29923]/(11101 K —1615 J/mol 072;1978 lg/mol K

70; at 298 K <0; at 750; at 298 K <0s at
AH<(§‘I1>in<Cu(,Sn5—Sol> AS<Cu>in<Cug,Sn57501> AH<(?1[J>in<Cuj,Sn—Sol> AS<Cu>in<Cu;SnfSol>
—24129 J/mol —15.5 J/mol K —13485 J/mol —0.41 J/mol K

Note that the partial enthalpies and entropies of mixing of Cu and Sn in both considered solid solutions (CugSns—Sol and CuzSn—Sol) hold for 7 = 298 K. The

notation “sol” refers to solid solution.

associated with the replacement of an interface (grain
boundary) with two new interfaces, which can be accom-
panied with a decrease or an increase in total interfacial
energy. If the total interface energy increases due to such
phase formation (i-e" 2 % Y <new interface> — Y <old interface>
> 0; this inequality holds for the cases considered here, see
Fig. 7), a critical thickness 4™ (i.e., a critical width for the
“slabs” shown in Fig. 1) can be calculated which indicates
the minimal thickness of the product phase <CuSn-P>
needed to compensate the increase in total interface energy
by the (bulk) energy released by <CuSn-P> formation.
Beyond this critical thickness 4", <CuSn-P> formation is
energetically favored. Thus, a comparison of the critical
thickness values calculated for different <CuSn-P> phases
forming at a specific site allows the determination of the phase
which thermodynamically will preferably form at this site.

Note that the equations given for 2™ in Fig. 1 imply
that the Gibbs energy of formation for <CuSn-P> should
be expressed as energies per unit volume, whereas the
equations and data given in Sec. IIl. A-IIl. E refer to
energies per mol; the molar volumes for the corresponding
conversion have been given in Table 1.

IV. RESULTS AND DISCUSSION

A. Microstructural investigation of Sn/Cu
specimens

The microstructural evolution of polycrystalline Sn
thin films ({321}-fiber texture, layer thickness of about

3 pm and in-plane grain sizes of 2—5 um) with a columnar
grain morphology electrodeposited on polycrystalline Cu
substrates (see for further details Ref. 21) was investigated
in detail during aging at room temperature (i.e., ~25 °C)
by employing FIB-based microscopy [FIB machining of
Sn on Cu systems induces artifacts in the Sn microstruc-
ture. During high-energetic Ga™ ion beam cutting through
the Sn on Cu system (e.g., to prepare cross-sections of the
bilayer system), Cu atoms are removed from the substrate
due to sputtering. Once the ion beam is switched off, Cu
atoms from the gas phase react with the freshly prepared
Sn surface, preferentially along Sn grain boundaries
(as energetically preferred nucleation sites; see results of
thermodynamic calculations performed in the present
work and presented in Sec. IV. B. 2), and thus form Sn—
Cu intermetallics.*® Therefore, cross-sectional FIB micro-
graphs of Sn layers on Cu exhibit typically bright Sn grain
boundaries (due to significant formation of Sn—Cu inter-
metallics with a “line-like” morphology) as well as bright
spots on the Sn grains due to the presence of fine Sn—Cu
intermetallics, which are not formed under (undisturbed)
aging conditions. This could be shown unequivocally by
preparing FIB cuts which did not extend to the Cu
substrate, that is, in such a case the Sn grain boundaries
in the exposed section of the Sn layer were completely free
of any Sn—Cu intermetallics.] (Figs. 2—4). In addition,
detailed TEM analyses of the microstructure at and around
a whisker nucleation site (Fig. 5) and x-ray diffraction
phase analyses (Fig. 6) were conducted. Here, the focal
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before reaction after reaction
<Sn> <5n> <5n> h <Sn>
- i _ 27V <cusiccusn-p> ~ Vecusi<c
- hml: <Cu>f <CuSn-P > <Cu>/<Cu>
<Cu> <Cu> <Cu> <Cu> A G: Culn-P>

(a) at the Cu grain boundary <Cu>/<Cu>

before reaction after reaction
<Sn> <Sn> <Sn> <Sn>
- hcrit 2
<Cu> <Cu> <Cu> <Cu>

2+ cnsrccusn-p> — ¥V snsicsn

_Aqus};—m

(b) at the Sn grain boundary <Sn>/<Sn>

before reaction after reaction

<Sn> <Sn> <Sn> <Sn>

—
<Cu> | <Cu> <Cu> ’ <Cu>

S it _ Y sust<cusn-2 > T ¥ ccusi<ccusi-2 > ~ ¥ cCusi<on>

_A G<C’u8n -FP>

(c) at the interface between Sn and Cu <Sn>/<Cu>

FIG. 1. Different possible sites for CuSn-phase (<CuSn-P>; i.e., CugSns and Cu3Sn, as solid solution and as compound phase) formation in the
system (polycrystalline) Sn on (polycrystalline) Cu; (a) at the Cu grain boundary <Cu>/<Cu>>; (b) at the Sn grain boundary <Sn>/<Sn>; and (c) at
the interface between Sn and Cu <Cu>/<Sn>>. The corresponding equations for the calculation of the critical thicknesses h°™, beyond which the
CuSn-phase considered is stable, have been plotted on the right-hand side. Note that AG —c,sn.p~ in these equations should be expressed as energy per

unit volume (see text).

point of interest was on the formation and growth of
intermetallic phases during room temperature aging.

The experimental findings lead to the following time-
resolved picture of the microstructural development during
room temperature aging:

(i) Directly after Sn deposition, that is, after an aging
time of roughly 1 h, no significant intermetallic phase
formation has taken place [Fig. 2(a)]. It was reported on
the basis of atomic force®” and TEM? analyses, that
already 1 h aging after Sn deposition suffices to generate
very fine-grained intermetallic particles at the Sn/Cu
interface. At this aging time, that is, before the onset of
significant intermetallic phase growth, the Sn/Cu speci-
men is still free of hillocks and whiskers.

(i1) Upon continued aging at room temperature, a sig-
nificant amount of the intermetallic phase CugSns [Fig. 6;
also verified by energy dispersive x-ray analyses (data not
shown)] forms on the Sn side of the Sn/Cu interface, which
extends only into the Sn (i.e., no intermetallic phase
formation occurred on the Cu side). These findings, which
agree with the results reported in Ref. 20, were confirmed
by time-resolved FIB and x-ray diffraction phase analyses
performed in this work for aging periods up to 2 years

(Fig. 6). (For this purpose, specimens with a Sn layer
thickness of only about 1 pm were used to obtain pronounced
diffraction information of the growing intermetallic phase.)

(iii) Initially, CugSns formation occurs predominantly at
the intersections of the Sn grain boundaries with the Sn/Cu
interface (Figs. 2 and 3). Upon continued aging CugSns
growth proceeds significantly into the Sn coating along the
Sn grain boundaries accompanied by lateral (i.e., in direc-
tions parallel to the Sn/Cu interface) growth (Figs. 2—4).
Pronounced CugSns growth takes place particularly at triple
junctions of Sn grain boundaries (Fig. 3). As evident from
the bright-field TEM micrograph shown in Fig. 5(c), CugSns
forming along Sn grain boundaries grows as a single crystal
(see also the idiomorphic surface morphology of CugSns in
tilt-view, Fig. 4).

The Sn-layer penetrating growth morphology of
CugSns is responsible for the development of residual
compressive stress parallel to the Sn/Cu interface, in the
Sn coating,?' and roughly 4 days after Sn deposition (for
the investigated Sn/Cu specimens) whisker formation on
the surface of the Sn coating occurs.

(iv) Upon prolonged aging at room temperature, CugSns
formation commenced also on the Sn side of the Sn/Cu
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(d) T (e

FIG. 2. Focused ion beam (FIB) cross-sectional micrographs of Sn/Cu
specimens taken after different aging times at room temperature: (a) Fresh
(i.e., ~1 h after Sn deposition); (b) ~5 days; (c) ~ 10 days; (d) ~30 days;
(e) ~300 days. The intermetallic compound, CugSns (IMC), formed
during room temperature aging, has been indicated in the figure. The
bright phase decorating the Sn grain boundaries as well as the Sn surface
(see arrows) represents IMC formed as artifact due to FIB cutting (Sec.
IV. A).

: "titz_-view 45°

FIG. 3. FIB micrographs taken after different aging times at room
temperature (in top- and tilt-view) from specimens where the Sn layer
was stripped off selectively (see Sec. II). Thus, the growth behavior of
CueSns at the Sn/Cu interface can be revealed: CugSns forms preferen-
tially along Sn grain boundaries, most pronouncedly at Sn grain
boundary/interface triple junctions.

interface, that is, on the faces of the Sn grains adjacent to
the Sn/Cu interface [Fig. 2(c)], but with an extent
(i.e., penetration of the Sn grains) much less than those
for the CueSns formation along the Sn grain boundaries, as
described above. This CugSns layer is composed of fine-
grained, rather columnar CugSns grains [Figs. 4 and 5(d)].

FIG. 4. FIB micrographs (top- and tilt-view) taken from a specimen
where the Sn coating was stripped off selectively after about 300 days of
room temperature aging (see Sec. II), showing the morphology of
CugSns formed at the Sn/Cu interface.

FIG. 5. Side-view and cross-sectional micrographs of a Sn whisker of
a Sn/Cu specimen taken after an aging time of several weeks at room
temperature. (a) SEM side-view. (b) SEM cross-sectional micrograph of
the FIB-prepared lamella used for TEM analysis. The Pt-layer was
deposited prior to FIB-milling to protect the specimen surface. (c) Bright
field cross-sectional TEM micrograph taken from the region marked in
yellow in (b). (d) Bright field cross-sectional TEM micrograph, enhanced
magnification of the region marked in yellow in (c).

(v) The location of a whisker root at the surface of the Sn
layer always coincided with particularly pronounced
CugSns formation at the Sn/Cu interface at the same
lateral positions [Figs. 2(d) and 5(b)].

(vi) Apart from the formation of CugSns in the Sn layer
and the growth of Sn whiskers out of the Sn layer, the Sn
microstructure remained unchanged during aging.

B. Interface thermodynamic calculations for the
system Sn on Cu

By employing the treatment for interface thermody-
namics described in Sec. III. A-III. E, the interface
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FIG. 6. (Left) X-ray diffraction pattern (Cu Ko radiation) of a Sn thin film (thickness of about 1 im) electrodeposited on Cu, recorded after an aging
time at room temperature of about 2 years. Apart from diffraction lines belonging to Sn and Cu, the presence of diffraction lines of only CueSns is
detectable (the three most intensive reflections of CugSns have been indexed in the figure). The PDF-files used for phase analysis have been indicated
on top of the figure. (Right) FIB cross-sectional micrographs, taken shortly after diffraction analysis, through the Sn thin film aged for about 2 years:
CugSns had penetrated through the whole Sn layer of thickness of about 1 pm (see isolated remnants of Sn).
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FIG. 7. Interface energies for all relevant material combinations as a function of temperature: (a) interfaces between the pure metals <Sn> and
<Cu>; (b) interfaces between <Sn> and the CuSn phases Cu;Sn and CugSns (as solid solution and as compound); and (c) interfaces between <Cu>
and the CuSn phases CuzSn and CugSns (as solid solution and as compound).

energies of all relevant material combinations (i.e.,
<Cu>/<Cu>, <Sn>/<Sn>, <Sn>/<Cu>, <Cu>/
<CuSn-P>, and <Sn>/<CuSn-P>) were calculated for
the temperature range of 0-200 °C (Fig. 7). It follows that
CuSn-phase formation at the interfaces is counteracted by
the associated formation of new interfaces (i.e., 2:Y<pe>/
<Cusn-P>—Y<Me>/<Me> > 0) and as a consequence a crit-
ical thickness for CuSn-phase formation can be calculated
(Sec. III. F). The corresponding results will be discussed
next.

1. Kinetic constraints for the formation of CuzSn
versus CugSns

The calculated critical thicknesses 4™ for the forma-
tion of CugSns and Cu;Sn [either as solid solution or as
compound) at a <Cu> grain boundary, a <Sn> grain
boundary, and the <Sn>/<Cu>> interface are shown as
a function of temperature in Figs. 8(a)-8(c)].

As a general, first, result, it follows that from a thermo-
dynamic point of view the formation of Cu;Sn is favored
over the formation of CugSns, no matter which site (grain
boundary or interface) for phase formation is considered.
However, the experimental results (Sec. IV. A) indicate
that during aging at room temperature only CugSns
formation is observed. This discrepancy has a simple
kinetic background: (i) at each position at the <Sn>> side,
upon inward diffusion of Cu, the stoichiometric compo-
sition needed for CugSns formation will always be reached
prior to the stoichiometric composition compatible with
the formation of CusSn, and (ii) the formation of CusSn at
the <Cu> side is impossible at room temperature because
the diffusion of Sn in Cu at room temperature is negligi-
ble.®*%*% Therefore, in the following discussion, only the
critical thicknesses for the formation of CugSns at different
sites in the microstructure at the <<Sn> side will be
considered.
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2. Critical thicknesses for the formation of CugSns at
the Sn side of the Sn/Cu interface

The comparison of the critical thicknesses for nucle-
ation of CugSns at each possible nucleation site at the
<Sn>> side [Fig. 8(d)] reveals that the CugSns formation
as (ordered) compound is energetically preferred com-
pared to its (disordered) solid solution state, that is, CugSns
IMC formation will occur directly without passing a (meta-
stable) solid solution state.

The critical thickness for the formation of CugSns as
IMC at room temperature is lowest at <<Sn> grain
boundaries (~0.5 nm), followed by the <Sn>/<Cu>
interface (~0.75 nm). Hence, CugSns IMC formation
along <Sn> grain boundaries is thermodynamically most
preferred. This prediction is in very good agreement with
the experimental observations (Sec. IV. A), which showed
that CugSns compound formation indeed occurs initially
along <Sn> grain boundaries intersecting the <<Sn>/
<Cu> interface.

Upon continued aging at room temperature, IMC
formation does not proceed only along <<Sn> grain
boundaries until reaching the <<Sn>> layer surface. Diffusion
of Cu in <Sn> grain boundaries is much faster than that of
volume, bulk diffusion of Cu in Sn. This, together with the
relatively low value for the critical thickness at this location,

1,0 ’ . .
—_ Cu3Sn-solution
£
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I D, S
g
ﬁ 0,5 Cu6Sn5-compound _ il
£ —
_§ SRR Cu3Sn-compound
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(a) temperature [*C]
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(c) temperature [°C]

causes CugSns to form first at <Sn> grain boundaries. [The
increased diffusion of Cu along the <Sn>> grain boundary
intersecting the <<Sn/Cu> interface governs the (morphol-
ogy of the) formation and distribution of CugSns in the Sn
layer. This is compatible with observations that electro-
deposited Sn layers containing co-deposited Cu exhibit
significant, initial CugSns formation only along <<Sn> grain
boundaries (i.e., in the form of “isolated” precipitates
distributed over the <<Sn> grain-boundaries), independent
of the substrate material used (e.g., Cu'®* or W? 0), as in this
case the Sn layer itself serves as source for Cu atoms.] The
formation of CugSns at the <Sn>/<Cu> interface requires
the transport of Cu by volume diffusion. This, together with
the relatively large value for the critical thickness at this (thus
less preferred) location, causes CugSns to form at a later
stage at the <Sn>/<Cu> interface (at the <Sn> side).
Obviously, Cu enrichment by volume diffusion of Cu is
most pronounced close to <<Sn> grain boundaries inter-
secting the <Sn>/<Cu> interface (Fig. 9): Cu arrives at
this location by volume diffusion both from the substrate and
from the <Sn>> grain boundaries. Only after several days of
aging at room temperature CugSns formation can also occur
along the <Sn>/<<Cu> interface remote from locations
where <Sn> grain boundaries intersect the <Sn>/<Cu>

interface. [Heterogeneous nucleation of CugSns and
1,0 ’ . .
---—:::==:=-’-----7
T ez T / Cu3sSn-solution
% CubSn5-solution
w
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FIG. 8. Critical thicknesses for CuSn-phase (i.e., CugSns and Cu3Sn, either as solid solution or as compound) formation at (a) a <Cu> grain
boundary; (b) a <Sn> grain boundary; and (c) the interface between <Sn> and <Cu>. In (d) the critical thicknesses for the formation of CusSns at
the <Sn> side of the <Sn>/<Cu>> interface are shown; this figure is a summary of the results shown in (b) and (c).

1490

J. Mater. Res., Vol. 26, No. 12, Jun 28, 2011


https://doi.org/10.1557/jmr.2011.162

https://doi.org/10.1557/jmr.2011.162 Published online by Cambridge University Press

M. Sobiech et al.: Phase formation at the Sn/Cu interface during room temperature aging: Microstructural evolution, whiskering

subsequent “island” coalescences lead to the formation of
a polycrystalline, closed and rather planar layer of CugSns at
the <Sn/Cu> interface, as revealed by FIB and TEM
analyses (Figs. 2 and 5). This closed layer of CugSns acts
during further aging at room temperature as diffusion barrier
for Cu and thus further (“regular”) growth of CugSns
proceeds significantly slower as compared to further
(“irregular”) growth of CugSns along <<Sn> grain bound-
aries intersecting the <Sn/Cu> interface, as observed.]
Thus, the development of the irregular growth morphology
of CugSns can be understood.

Continued growth of the CugSns, originally formed at
the <Sn> grain boundaries intersecting the <Sn>/
<Cu> interface, could occur in particular in “diagonal”
directions (see green arrows in Fig. 9), to minimize the
total interface energy of the system upon grain growth.

The above discussion provides an explanation for the
morphology and distribution of the developing CugSns
phase in the Sn layer as the outcome of both thermody-
namic and kinetic arguments.

V. WHISKER MITIGATION BY APPLICATION OF
INTERFACE THERMODYNAMICS

The origin for Sn whisker formation in the system Sn
on Cu has recently been ascribed to the development of
stress gradients, parallel and perpendicular to the Sn/Cu
interface, in the Sn layer as a consequence of the for-
mation of CuegSns with an irregular growth morphology
(Sec. IV. A).?*% On the basis of the treatment presented in
this paper (see, in particular, Sec. IV. B), the following
whisker mitigation treatment can now be proposed.

During aging at room temperature the occurrence of
residual stress gradients, especially close to Sn grain
boundaries, is caused by the laterally inhomogeneous de-
velopment of CugSns, penetrating deeply into the Sn layer
from the Sn/Cu interface, along Sn grain boundaries inter-
secting the Sn/Cu interface. Such gradients would not develop
such pronouncedly if a layer-like, planar growth of CugSns
along the entire Sn/Cu interface into the Sn layer would
develop. In view of the results presented in Sec. IV. B
(Fig. 8), the formation of planar CugSns along the Sn/Cu
interface could be achieved if the critical thickness for the
formation of CugSns along the Sn/Cu interface becomes
lower than that for the formation of CugSns along Sn grain
boundaries, that is, the layer/substrate interface energy must
be increased and/or the Sn grain-boundary energy must be
decreased. Moreover, a (laterally) closed, planar layer of
CugSns forming along the Sn/Cu interface acts as diffusion
barrier for Cu from the substrate into the Sn coating which
decelerates continued intermetallic phase formation in the Sn
coating upon continued aging at room temperature.

The above discussion sheds light on the (well-known;
see Refs. 30, 51) whisker-mitigating effect of Pb: in-
corporation of Pb into the Sn upon deposition on Cu

AEEPT TS

Cu out-diffusion

sEEL 1R

Cu out-diffusion

Cu substrate

FIG. 9. Schematic illustration of Cu diffusion and CugSns formation
processes during room temperature aging (for successive aging time steps
t =0, 1, and 2) at a <Sn> grain boundary intersecting the <Sn>/<Cu>
interface, leading to the formation of CugSns with an irregular growth
morphology. The red, solid line illustrates a Cu iso-concentration profile
in the Sn phase. The vertical blue arrow denotes grain-boundary diffusion
of Cu along the <Sn> grain boundary: the horizontal blue arrows denote
volume-diffusion of Cu originating from the <Sn> grain boundary
(further see text).

changes, during subsequent aging, the growth morphol-
ogy of CugSns to the desired, planar one,”*>* and indeed a
Pb-content of even a few wt% suffices to prevent
effectively the whisker formation.’' It is very likely that
the presence of Pb drastically reduces the Sn grain-
boundary energy: wetting of Sn grain boundaries by
Pb leads to Sn/Pb interfaces of energy about half of that
of Sn/Sn interfaces (i.e., Sn grain boundaries).>® Hence,
the incorporation of Pb in the Sn layer in fact implies the
application of interface thermodynamics to obstruct whis-
ker formation. This interpretation is also compatible with
recent investigations of the whiskering behavior of Sn—Pb
coatings, which revealed the absence of whiskering, also
in columnar Sn—Pb coatings (in accordance with the above
discussion),”® whereas previous work suggested that the
whisker-mitigating effect of Pb is due to the occurrence of
an equiaxed microstructure in Sn—Pb coatings.'®

This thermodynamic approach to whisker mitigation
provides a pathway for identifying elements to be in-
corporated in the Sn coating and which trigger a planar
CueSns growth morphology and which elements do not
impose environmental concerns as Pb does.

VI. CONCLUSIONS

(1) According to “bulk” thermodynamics, reaction in
a Sn/Cu system can lead to the formation of the IMCs
Cu3Sn and CugSns. Interface thermodynamics, recogniz-
ing the cost of IMC/metal interface formation, allows both
the formation of Cu3Sn and CugSns at interfaces and grain
boundaries, but favors the formation of Cu3Sn at Sn grain
boundaries, Cu grain boundaries, and at the Sn/Cu
interface.

(2) At room temperature significant diffusion of Cu into
Sn can occur, but the diffusion of Sn into Cu is negligible.
As a consequence, Cu;Sn formation does not occur initially
(at the Cu-side). Instead, at the Sn side of the Sn/Cu system
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CugSn;s formation (the Sn-rich IMC) occurs. The absence of
Cu3Sn at ambient temperature is thus a consequence of
diffusion kinetics, and not of thermodynamics.

(3) Interface thermodynamics predict that CugSns
formation occurs preferentially at the Sn grain boundaries
intersecting the Sn/Cu interface, as compared to along the
Cu/Sn interface, which agrees with the experimental
observations.

(4) CugSns formation along the Sn/Cu interface is
thermodynamically possible but less favored (larger crit-
ical thickness than for CugSns formation along Sn grain
boundaries) and can only be realized by volume diffusion
of Cu and therefore is observed only after prolonged
aging.

(5) The irregular growth morphology associated with
the formation of CugSns penetrating the Sn layer leads to
pronounced lateral and vertical residual stress gradients in
the Sn layer, especially close to Sn grain boundaries used
for CugSns formation, thereby driving whisker formation.
The concept of interface thermodynamics, presented in
this paper, can be used to promote planar growth of closed
CugSns layers, that is, to favor IMC formation at the Sn/Cu
interface, for example by incorporation of a component in
Sn that reduces the Sn grain-boundary energy. Thereby,
development of residual stress gradients in the Sn layer,
which can cause whiskering, is avoided.

(6) The whisker-mitigating effect of Pb can now, for the
first time, be rationalized on the basis of interface
thermodynamics: wetting of Sn grain boundaries by Pb
changes, during subsequent aging, the growth morphol-
ogy of CugSns to the desired, planar one.
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