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Solid state intermetallic compound layer growth
between copper and hot dipped indium coatings

P. T. VIANCO, A. C. KILGO, R. GRANT
Center for Solder Science and Technology, Sandia National Laboratories, Albuquerque, NM,
USA

Solid state growth of intermetallic compound layers that form between hot dipped indium
coatings and copper was investigated in diffusion couples aged at temperatures of 70, 100
and 135°C and time periods of up to 300 days. At an annealing temperature of 70 °C, the

metastable composition, Cugglng, was observed at the interface. Ageing at 100 °C caused

a dual layer structure with the Cuslng, layer joined by a copper-rich intermetallic compound,
Cu,qIng, that is noted in the equilibrium phase diagram. An annealing temperature of 135°C
caused the eventual development of a single copper-rich intermetallic layer, Cus,In,;, at the
interface. Total intermetallic layer thickness was documented as a function of ageing time

and temperature, exhibiting a t'? dependence with an apparent activation energy of

20 kd mol~".

1. Introduction

The assembly of electronic systems has relied heavily
upon the use of tin-lead solders, e.g. 63 Sn-37Pb or
60 Sn-40Pb, wt%) for device attachment to the
printed wiring boards or (hybrid) ceramic substrates.
However, those applications which include cryogenic
environments (satellites, spacecraft, etc.), step solder-
ing sequences, or the assembly of heat sensitive devices
may require lower melting temperature solders. In
those cases, the indium-based solders, such as
52In-48Sn  (eutectic  temperature, T.yiccric
118°C) and 100In (temperature of melting, Tex
= 156 °C}, have found widespread use [1].

Functionally, solder joints must provide not only an
electrical conduit for signal transmission, but also,
with the advent of surface mount technology, serve as
a mechanical fastener to secure the package to the
circuit board. The manufacturability and service relia-
bility of electronic products depend upon the integrity
of the solder joints, which is determined by the micro-
structure of both the solder alloy as well as that of the
solder—base metal interface.

The dissimilarity between solders and commonly
used base metal such as copper, results in the develop-
ment of reaction products at the solder-base metal
interface. These reaction products are typically
covalently bonded intermetallic compounds. For
example, CugSns and CusSn are the interface reaction
layers formed between pure tin (and tin-based solders,
such as 63 Sn—37 Pb) and copper (Fig. 1) [2,3]; the
latter layer appears only after extensive solid state
thermal ageing. Intermetallic compounds tend to ex-
hibit poor solderability after exposure to air, thereby
affecting product manufacturability. In addition, their
poor ductility can degrade the mechanical integrity of
the solder joint, particularly when the circuit board is
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exposed to high impact loading conditions. Inter-
metallic compound layers form while molten solder is
in contact with the base metal during the assembly
process. Moreover, the layer(s) continue to grow after
solidification, through solid state diffusion processes.
The rate of solid state growth depends upon the tem-
perature conditions and time duration.

The interfacial chemistry which develops in the sol-
der joint by solid state diffusion processes may exhibit
one or more of the equilibrium phases denoted in the
phase diagram, e.g. the tin--copper system noted
above. It is conceivable that non-equilibrium or meta-
stable phases may appear and disappear as a result of
the diffusion processes responsible for development of
the interfacial chemistry. Moreover, a previous study
has shown that the thickness of the layer(s) can depend
upon the physical metallurgy (composition or micro-
structure) of the solder coating [4].

The phase diagram of the indium—copper system
appears in Fig. 2 [5]. Clearly, a number of line com-
pounds exist between copper and indium under equi-
librium conditions, depending upon the temperature
and starting composition. Barnard investigated in-
dium - copper diffusion couples fabricated by the elec-
troplating of indium on the copper substrate [6].
A single line compound was observed at the in-
dium —copper interface: Cu,4Ing. The growth kinetics
were parabolic with an apparent activation energy of
24 kI'mol ™. A similar finding was made by Manna et
al. for indium—copper couples formed by vapour de-
posited indium films on single crystal copper substra-
tes [7]. Once again, only the Cuy Ing layer was ob-
served; it grew with an apparent activation energy of
26 kImol . In each of these previous studies, the
indium layer was applied at ambient temperatures
as a solid coating so that interactions at the

4871



==

Figure 1 Optical micrograph of the CugSns and Cu;Sn intermetal-
lic layers: the interface between pure tin and copper after thermal
ageing at 170 °C for 200 days.
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Figure 2 Cu-In binary phase diagram [5].

indium —copper interface were minimal prior to solid
state ageing.

The present study examined intermetallic com-
pound layer development between hot dipped pure
indium coatings and copper through solid state ther-
mal ageing. Hot dipped coatings are metal layers
which are applied to the substrate surface by immers-
ing the base metal into a bath of the molten solder, in
this case, pure indium. These coatings are used widely
as protective finishes on electronic package leads and
terminations in order to protect their solderability
from deterioration by contamination or excessive sur-
face oxidation. The composition of the intermetallic
layer was documented by an electroh microprobe
analysis of the indium-copper interface structure.
Growth kinetics of the intermetallic layer were ana-
lysed by measuring layer thickness as a function of
temperature and time.
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2. Experimental procedure

2.1. Sample preparation

The substrates used in this investigation were oxygen-
free, high conductivity (OFHC) copper tabs punched
from sheet stock and measuring 0.635 x 0.635 x
0.159 cm. The composition of the copper was verified
by atomic emission spectroscopy to have contaminant
levels less than the following values: 40 p.p.m. Ag,
50p.p.m. Al 10ppm. Mg, 30ppm. Mn and
10 p.p.m. Si. The surface from which the thickness
values were measured, was optically polished. Each
specimen was solvent degreased, coated with a water
soluble flux, and then dipped into a bath of molten
indium metal for 5 s. The melting temperature of in-
dium is 157 °C; however, the solder bath temperature
was maintained at 200 °C to assure adequate wetting.
The copper tab was immersed with the optically
polished surface parallel to the solder surface and
facing downwards. This orientation caused a large
accumulation of solder to form on the optically
polished surface upon withdrawal of the specimen
from the bath. Therefore, the diffusion couple
was comprised of effectively infinite sources of both
copper and indium which supported the interfacial
reaction.

Thermal ageing of the solder-coated test samples
was performed in air furnaces. The annealing temper-
atures were 70, 100 and 135°C with a temperature
stability of + 0.5 °C. The annealing time periods were
1-300 days with a tracking error of 4 30 min. Upon
completion of the ageing treatment, each specimen
was cross-sectioned and prepared for metallographic
analysis.

2.2. Sample analysis

Intermetallic layer thickness measurements were
performed by quantitative image analysis. It was
determined in a previous study that a minimum of
40 data points would be adequate for the analysis
[4]. Ten thickness measurements were taken
from %1000 images of four regions along the in-
dium-—copper interface. The minimum thickness
value resolved by the technique was 0.5 pm. The
data pertaining to each particular annealing time
and temperature condition were represented by the
mean and plus/minus one standard deviation about
the mean.

Compositions of the intermetallic layers were deter-
mined by electron microprobe analysis (EMA). Line
traces of the elemental concentrations were made per-
pendicular to the interface (Fig. 3). Concentration cha-
nges along the trace designated the boundaries of the
intermetallic layers. A sample point midway between
such changes was used to designate the composition
for that particular layer. Ten such traces were made
per test sample in order to establish the composition
of the layer(s). The spatial resolution of the concentra-
tion profile was a radius of 1.5 um about the target
point. The samples selected for the electron micro-
probe analysis provided a matrix of the following time
and temperature values from which to examine the
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Figure 3 Line trace orientation for electron microprobe analysis of
the intermetallic compound (IMC) layers.

development of the interfacial chemistry
70°C; 2, 100, 200 days
100°C; 2, 100, 200 days
135°C; 2, 100, 200 days

3. Results and discussion

3.1. Interface compositional analysis

In the case of the as-fabricated specimens, the inter-
metallic compound layer thickness was 2.7 + 0.4 um;
this value is relatively large as compared with initial
thicknesses of 1-2 pm observed for tin-based solders
on copper [4]. In similar experiments on the
50 In-50 Pb alloy, the as-fabricated intermetallic layer
thickness was 3.16 + 0.94 um which is also quite large
[8] Since the immersion temperature of the
50 In-50Pb alloy was 10-30 °C below that of the tin-
based solders, these data suggest that intermetallic
layers developed from the indium-based solders have
a faster formation rate than those created by the
tin-based solders.

A spot analysis was performed on the as-formed
intermetallic layer; the composition was determined to
be Cuyulnsg (at %) with a standard deviation of
6 at %. Scatter was attributed to the limited thickness
of the layer as well as to apparent compositional
variations in the layer itself.

An electron microprobe analysis of the intermetallic
layer composition was performed on aged specimens
as described earlier. An optical micrograph of the
intermetallic layer which had developed in an in-
dium—copper sample is shown in Fig. 4 for illustrative
purposes. Samples aged at 70 °C for two days exhib-
ited a single intermetallic layer (Fig. 5a). The composi-
tion of the layer was determined by the layer midpoint
analysis (Fig. 5b)to be 63 + 2 at % indium and 37 4+ 2
at % copper, or Cus4Ings. There were no significant
changes in the layer composition after 100 or
200 days. However, several 200 day traces revealed
a small cusp in the concentration values within the
layer {Fig. 6). The cusp represented a region of de-
creased indium  concentration and  corres-
pondingly, increased copper. The limited width of the
region and its intermittent occurrence prevented
further quantitative analyses.

Next, samples heat treated at 100°C were exam-
ined. Following an annealing period of two days, the
single intermetallic compound layer composition had

A 20 um

Figure 4 Optical micrograph of the intermetallic layer formed be-
tween pure indium and copper following thermal ageing at 100 °C
for 350 days. '
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Figure 5 (a) Electron microprobe trace across the intermetallic
layer of the indium—copper couple annealed at 70°C for two days,
and (b) midpoint composition trace for the intermetallic layer in the
same sample: (-O-) indium, (L) copper.

a slightly reduced indium content of 60 + 6 at % as
compared with the corresponding value of 63 + 2
at % for the 70 °C, two day data. Scatter in the elemen-
tal concentrations was significantly higher in the
100 °C results. Heat treatment for 100 days caused the
development of a second, copper-rich intermetallic
layer (Fig.7) which was observed intermittently
along the indium—intermetallic layer interface. The
composition of the second layer had an apparent
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Figure 6 Electron microprobe trace across the intermetallic layer of
the specimen annealed for 200 days at 70°C: (-C-) indium, (-C3-)
copper.
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Figure 7 Electron microprobe trace across the intermetallic layer of
the specimen annealed at 100 °C for 100 days: (-C-} indium, (-(3-)
copper.

stoichiometry of CusgIngg ( + 2 at %). In those re-
gions with multiple layers, the indium-rich layer which
was retained next to the copper substrate, had a com-
position of Cuyelns, (& 2 at %). For the most part,
the interface microstructure was dominated by
a single intermetallic layer with an indium content of
57 + 4 at %, which was reduced in comparison to the
70°C ageing specimens.

The appearance of the copper-rich intermetallic
sublayer near the indium coating was somewhat unex-
pected. It would be anticipated that such a layer
would develop next to the copper substrate in order to
diminish the copper concentration gradient across
that interface. However, simply the presence of the
copper-rich layer as well as a slightly reduced indium
content in the indium-rich layer suggest a reduction in
the overall indium and copper concentration gradi-
ents across the indium —copper interface. It is uncer-
tain as to whether the copper-rich layer formed by
diffusion of the elements or were a result of partial
transformation of the Cu,glns, layer that was already
present.

Extending the 100 °C ageing treatment to 200 days
caused the development of an interface structure with
either single or multiple intermetallic layers as was
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Figure 8 Electron microprobe trace across the intermetallic layer of
the specimen annealed at 100 °C for 200 days: (-O-) indium, (-3-)
copper.

similarly observed with the 100 day data. However,
the dual layer structure (Fig. 8) was predominant, with
the copper-rich layer thicker than its indium-rich
counterpart in several observations. In addition,
a small shelf in the copper trace developed at the
copper —intermetallic layer interface which was not
observed on the previous specimens. The layer next to
the copper substrate remained indium-rich with
a composition of Cuy Insg ( + 2 at %). The copper-
rich intermetallic layer had a stoichiometry of
Cusslngs ( £+ 1 at %). In both cases, the compositions
were similar to those noted after 100 days.

Clearly, the data taken from samples heat treated
for various times at a temperature of 100 °C showed
a transition in the intermetallic layer structure from
a single, indium-rich layer to a dual layer structure
comprised of an indium-rich layer next to the copper
substrate and the development of a copper-rich inter-
metallic layer near the indium coating. In addition, the
stoichiometry of the indium-rich layer appears able to
exist over a range of compositions, exhibiting a trend
of decreased indium content with the extent of ageing.

The composition of the intermetallic layers formed
in samples thermally annealed at 135°C were next
investigated. The double layer structure was observed
over a large part of the interface after two day heat
treatment. [A few isolated areas of a single (indium-
rich) layer were also recorded.] The composition of
the indium-rich layer was Cuyslns, ( £ 2 at %), which
is not significantly different from that observed in two
layer structure after the 100°C heat treatment. The
copper-rich layer next to the indium coating had
a composition of Cusslngs (£ 1 at %), which also
duplicated that noted for the 100 °C data.

Ageing at 135°C for 100 days brought about a sig-
nificant change in the intermetallic structure. A cop-
per-rich intermetallic layer with the previously ob-
served composition, Cusslng,s; had developed adjac-
ent to the copper substrate (Fig. 9). Recall that a shelf
in the copper trace was observed to have developed at
that interface in the samples annealed at 100°C for
200 days. Between the Cusslngs layer and the indium
coating was observed either an indium-rich layer
(Cusslngs, + 3 at %), or the absence of any additional
layers, altogether. In a few traces, the remnants of
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Figure 9 Electron microprobe trace across the intermetallic layer

developed in the specimen annealed at 135°C for 100 days: (-C-)
indium, () copper.
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Figure 10 (a) Electron microprobe trace of the intermetallic layer
in a sample aged at 135°C for 200 days, and (b) centreline map of
the ten traces across the intermetallic compound layer: (—-C-) in-
dium, (-{3-) copper.

a copper-rich intermetallic layer were observed be-
tween the indium-rich intermetallic compound and
the indium coating.

Finally, thermal annealing for 200 days (135 °C) es-
tablished fully the development of a single intermetal-
lic layer (Fig. 10a). The composition of the intermetal-
lic layer was determined to be Cus,Ing; (Fig. 10b) and
was very similar to that of the copper-rich layers
observed at lower annealing temperatures and/or
shorter time periods.

The traces in Fig. 10 along, with that in Fig. 9, also
show the presence of a gradual (albeit, not necessarily
monotonic) decrease in the copper concentration as
the profile progresses from the intermetallic layer
boundary into the indium field. At lower ageing tem-
peratures and shorter times, this transition was con-
siderably more abrupt (Figs 5a and 6). The non-mono-
tonic nature of the transition indicates that the change
in copper or indium concentration was accomplished
by regions (or “pseudo-compounds”) of varying cop-
per and indium concentrations. The phase diagram
indicates negligible solid solubility of either copper or
indium in each other at these temperatures.

The electron microprobe data developed from ther-
mal ageing at 70,100 and 135 °C clearly demonstrate
an evolution in the interface composition and layer
microstructure. Using the 200 day data as a bench-
mark, the intermetallic compounds observed at tem-
peratures of 70,100 and 135°C were

1. Cusglng,,

2. Cuyqlnsg + Cusslngs, and

3. CussIngs, respectively.

The indium-rich intermetallic layer was generated
between copper and the molten indium coating during
the hot dipping process. At an ageing temperature of
70°C, the layer had an indium concentration of
63-65 at % and continued to thicken with time. Heat
treatments at 100 °C caused the development of the
dual layer configuration with emergence of a copper-
rich layer next to the indium field A slight
decrease in the indium content of the retained indium-
rich layer was also noted. Solid state ageing at 135°C
resulted in the elimination of the dual layer structure
in favour of the single, copper-rich intermetallic layer,
Cus;In,s. The transformation of the intermetallic
structure by solid state diffusion suggests that the
copper—indium interface was changing from the in-
dium-rich structure characteristic of the molten in-
dium-copper equilibrium, to a copper-rich configura-
tion representative of the solid state equilibrium. This
transition (together with the gradual change of copper
content in the near-interface region of the indium field
under harsher ageing conditions) resulted in an overall
reduction in the copper and indium concentration
gradients across the interface region.

The intermetallic layer compositions described
above were compared to those recorded in the equili-
brium phase diagram (Fig. 2) [5]. The Cusglng, and
CuyqlInsg intermetallic layers were metastable com-
pounds which do not appear in the phase diagram. In
fact, the two compounds may simply be stoichiometric
variations of the same structure. The metastable com-
positions appear to represent a product of conditions
during the hot dipping procedure. The intermetallic
layers, Cusslngs and Cus-Ings are, to within experi-
mental error, the same stoichiometry as the CuyIng
composition found in the phase diagram (see Fig. 2).
As noted earlier, the Cu;,Ing layer was observed as
the interface composition of copper—indium couples in
the ageing experiments conducted by other investiga-
tors [6,7].

These observations suggest the following generaliz-
ation pertinent to the ageing of solder joint interfaces.
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The equilibrium interfacial chemistries can differ
between the liquid solder—substrate and solidified sol-
der—-substrate conditions. As a result, solid state age-
ing of diffusion couples formed by the hot dipped
application of the solder coating may involve complex
compositional changes as well as general thickening of
the intermetallic layer as the system develops phases
characteristic of the solid state equilibrium (repres-
ented by the traditional phase diagram).

3.2. Intermetallic compound layer growth
kinetics

The total thickness of the intermetallic layer as a func-
tion of the square root of time (up to 300 days) for the
various ageing temperatures is shown in Fig. 11. From
the electron microprobe data described above, the
curve at 70°C largely represented growth of the in-
dium-rich Cus4lng, layer. At 100 °C, thickness values
for two days were also pertinent to the indium-rich
layer; however, at longer time durations, the thickness
data represented combined growth of both the
indium-~ and copper-rich layers. When the multiple
layers were present, data measurements of the indi-
vidual layers were not pursued due to their intermit-
tent nature and variable relative thickness. The data at
135°C describe growth of the combined indium-rich
and copper-rich sublayers at the shorter time periods
of up to 100 days. For durations of 200 days and
longer, thickness values described growth of solely the
CussIng; layer.

Regression analysis revealed that the data was best
fit with a parabolic time dependence as shown in the
plot. The t!/? behaviour suggests that the rate control-
ling mechanism for layer growth was largely volume
diffusion [9]. Fluctuations in the intermetallic layer
thicknesses increased with longer ageing times and
higher ageing temperatures. ‘
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Figure 11 Total intermetallic thickness as a function of the square
root of time for the indium-copper couples.
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A comparison was made between the data for the
indium—copper system in Fig. 11 with that of the more
familiar tin—copper system in Fig. 12 [4]. At 70 and
100°C, the indium-copper system produced thicker
layers as compared with the tin—copper system. This
result was due to both a thicker initial layer as well as
a faster growth rate in the indium—copper system. At
135°C, the intermetallic layer thicknesses for the two
systems were comparable, due in large part to a slight-
ly greater growth rate for the tin—copper system.

An apparent activation energy analysis was per-
formed on the growth data. The experimentally meas-
ured property upon which the Arrhenius plot was
developed, was the growth rate of the intermetallic
layer. Since the diffusion of a single atomic species (Cu
or In) could not be identified as rate controlling, the
apparent activation energy did not represent the acti-
vity of any one specific atomic process. It was assumed
that the intermetallic layer thickness was represented
by the empirical relation

y(t) = yo + At"exp( —Q/RT) 1)

where y(¢) is the layer thickness at time, t; yo is the
initial thickness; A is a numerical constant; n is the
time exponent; Q is the apparent activation energy;
T is the temperature; and R is the universal gas con-
stant. The apparent activation energy was computed
from the logarithm-differential of Equation 1

d[In(dy/d)}/d(1/T) = —Q/R @)

The plot of In(dy/dt) as a function of 1/T (at t = 100
days) is shown in Fig. 13; the apparent activation
energy, Q, was calculated by a linear regression ana-
lysis of the data and determined to be 20 kI mol ™ *.
Recall that earlier solid state ageing studies per-
formed by Barnard [6] and Manna et al. [7] for
indium coatings on copper resulted in similar appar-
ent activation energies of 24 and 26 kJmol ™!, respec-
tively. A comparison of these values with that of the
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Figure 12 Total intermetallic thickness as a function of the square

root of time for the tin—copper couples.
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Figure 13 Apparent activation energy analysis of aged indium—cop-
per samples, where Q = 20 kJmol ™.

present study illustrates two points. First, similar ap-
parent activation energies were observed in spite of
different initial indium coating deposition morpholo-
gies, ie. clectrodeposited, vapour deposited. or hot
dipped. This observation suggests that the elevated
temperature conditions accompanying the thermal
ageing process assimilated the different microstruc-
tures, thereby negating any role played by the starting
indium morphology (which characterized the particu-
lar deposition process).

A second point is that the different intermetallic
layer compositions did not significantly impact the
growth kinetics. For example, the electroplated or
evaporated coatings would have a negligible as-depo-
sited intermetallic layer thickness as compared with
a 3.7 um layer observed with the hot dipped samples.
In addition, the hot dipped samples progressed
through a series of intermetallic layer compositions as
the ageing temperature and time increased. The meta-
stable indium-rich layers appeared to exhibit a range
of stoichiometries. The studies in [6] and [7] noted
only a single layer composition, Cuy,Ine. Since the
variable layer composition of the hot dipped coatings
did not alter the apparent activation energy with re-
spect to the single layer composition in the deposited
coatings [6, 7], it would appear that the same volume
diffusion mechanism was rate controlling in both the
deposited and hot dipped films; the reaction processes
responsible for the changing layer composition were
not significant factors in the growth kinetics.

Finally, the apparent activation energy of inter-
metallic layer growth in hot dipped indium-copper
couples (20 kJ mol ") is compared with data from hot
dipped tin—copper couples [4]. In the latter case, the
apparent activation energy value was 66 kJmol™*

when thickness data at 70,100, 135,170 and 205°C
were included in the analysis. However, a knee in the
Arrhenius plot of In(dy/dt) versus 1/T (where y is the
thickness, t is time and T is temperature) was observed
at approximately 135°C. When the curve was split
and an activation energy analysis was performed on

-the high temperature segment, i.e. 135,170 and 205 °C,

a value of 25 kImol ™! was calculated, which is very
similar to that for the indium—copper system.

The similarity of activation energies was examined
with respect to the homologous temperatures repres-
ented by the ageing conditions. The homologous tem-
peratures represented by 70,100 and 135°C for the
indium coating were nearly identical to those repres-
ented by the respective ageing temperatures of
135,170 and 205 °C for the case of tin. This compari-
son suggests that the growth processes for the in-
dium—copper and tin—copper systems have similar ki-
netics at an equivalent homologous temperature. On
the other hand, the growth rates of the intermetallic
layer(s) in the tin—copper system were three to four
times greater than those calculated for the in-
dium—copper system (at the equivalent homologous
temperature). This difference reflects the additional
role that non-rate controlling factors (which are rep-
resented by the pre-exponential term of the Arrhenius
plot) have on the intermetallic layer growth.

4. Conclusions

1. The development of the intermetallic compound
layer formed at the interface between hot dipped in-
dium coatings and copper by means of solid state
thermal ageing, was investigated. The diffusion
couples were heat treated at temperatures of 70, 100
and 135°C and for time periods of up to 300 days.

2. Flectron microprobe techniques showed that the
composition of the intermetallic layer changed with
extent of ageing. An indium-rich layer (Cusglng,) was
present for annealing terms of two through 200 days at
a temperature of 70 °C. The composition appeared to
be metastable, since it was not observed in the equili-
brium copper—indium phase diagram. For an ageing
temperature of 100 °C, the single layer (Cusglng,) was
joined by the copper-rich Cu;,In, compound layer
that is noted in the equilibrium phase diagram. Rais-
ing the ageing temperature to 135 °C caused the dual
layer structure to transform into a single, copper-rich
intermetallic layer.

3. Growth of the total intermetallic layer thickness
as a function of time and temperature was quantified.
The thickness values exhibited a t'/? dependence by
linear regression analysis, with an apparent activation
energy of 20 kJmol 1.

4. The activation energy was similar to that cal-
culated by previous investigators for electrodeposited
indium coatings and vapour deposited indium thin
films on copper. This comparison suggests that the
growth kinetics of the intermetallic layer were not
sensitive to the initial microstructure of the indium
coating (electrodeposited, vapour deposited or hot
dipped) nor to the presence of single or multiple layer
compositions. Also, similar growth kinetics described
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the tin—copper system when a comparison was made
at equivalent homologous temperatures.
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