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Temperature cycling effects between Sn/Pb solder
and electroless copper plated AIN substrate
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Thermal cycling effects on Sn/Pb solder and electroless Cu-plated AIN substrates are
investigated. X-ray diffraction patterns reveal the existence of Cu,O for the electroless
Cu-plated AIN after thermal cycling in an environmental chamber. Moisture in the chamber
results in the oxidation of electroless plated Cu and fracture takes place at the Cu,O/Cu
interface. The oxidation of Cu is also confirmed by Auger depth profile and electrical sheet
resistance measurement. For the solder/Cu/AIN system, fracture occurs at the Cu/solder
interface. No intermetallic compounds between solder and Cu are found after thermal cycling.
Stress resulting from the thermal expansion mismatch is the major cause of loss of adhesion

1. Introduction

The need for smaller and more reliable integrated
circuits and higher voltage devices for power applica-
tions have been the trend of the electronics industry in
recent years. Aluminium nitride, with its high thermal
conductivity, adequate mechanical strength, good in-
sulation resistance and a thermal expansion coefficient
close to that of silicon, has attracted much attention
for use as a substrate material [1-4]. Electroless Cu
plating provides an excellent approach to metallizing
the ceramic substrate. Previous works by Chiou,
Chang and Duh reported that the adhesion strength
of the electroless plated Cu to AIN substrate is much
larger than 19.6 N mm™~ 2, which is generally needed
for the mounting of circuit devices [9, 6].

Interconnections between the conductor metalliz-
ation and discrete electronic devices are frequently
made through a solder alloy screen-printed or sol-
dered into position. During the soldering operation
and subsequent joint life, intermetallic compounds
form and grow. The metallurgical reactions between
the solder and conductor metallization might have
a deleterious effect on the adhesion of the conductor
to the underlying substrate, particularly when the as-
semblies are subjected to thermal ageing and temper-
ature cycling [7-14]

This work 1s part of a continuing investigation
undertaken to establish and to minimize potential
reliabilif‘gl problems arising from the use of soldered
clectrole’ss Cu-plated AIN in electronic packages. The
first phase of this work, reported in previous papers
[5, 6, 14F, described the adhesion mechanism at the
electroless plated Cu/AIN interface and the effect of
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intermetallic formation on the Sn/Pb solder and Cu
conductor interfaces after thermal storage. The pres-
ent paper deals with temperature cycling effects on the
Sn/Pb solder and Cu conductor metallizations.

2. Experimental procedure
The Cu conductor was electroless plated on the alumi-
nium nitride substrate. Details for the pretreatment of
the AIN substrate before plating, the plating proced-
ures and the plating conditions have been described
elsewhere [6, 14]. Copper films of ~ 10 pm thickness
were deposited on etched AIN substrates which exhib-
ited a surface roughness of ~ 0.13 pm

The electroless copper-plated specimens were
cleaned in deionized water in an ultrasonic cleaner for
10 min., and then dipped into the RMA (4381 RAM-
type, multicore, Herfordshire, England) flux. The sol-
der was a 63Sn/37Pb eutectic alloy (SN63 eutectic,
Multicore, Hertfordshire, England), and the solder
bath was held at 230 °C. The substrate was vertically
dipped into the bath for five seconds. The soldered
specimens were then cleaned with a cleaning agent
(PCB81 cleaner, Multicore, Hertfordshire, England) in
an ultrasonic cleaner for 20 min. The as-plated and/or
soldered samples were then subjected to the thermal
cycle test. The adhesion strength of the Cu deposited
on to the AIN substrate was evaluated after various
cycles by the pull-off test [6, 14]. Two types of thermal
cycle test were performed in this study. One was car-
ried out in an environmental chamber with a four-
hour cyclic period from — 50°C to 150°C and was
designated as slow thermal cycling. The other was
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Figure 1 Temperature profiles for (a) slow thermal cycling and (b)
fast thermal cycling.

performed with a 22 min cyclic period (designed as fast
thermal cycling) from — 50°C to 150 °C between the
freezing chamber and the oven. Temperature profiles
for these two cycling tests are shown in Fig. 1. Thick-
ness measurements were done with an o-step surface
profile measuring system (Alpha-step 250, Tencor,
U.S.A). The sheet resistance of the Cu film was
evaluated with a conventional four-point probe
(Model RT-7, Napson, Japan), which was a linear
array of equally spaced probes (probe spacing
S = 1 mm).

The phase and crystal structure of the sample as-
sembly were identified with an X-ray diffractometer
(D/MAX-B, Rigaku, Japan) with CuKa radiation at
0.154 nm. The surface morphology and cross-sectional
view morphology were observed with a scanning elec-
tron moicroscope (SEM, Camscan, England) equip-
ped with an EDX analyser (Excel, Link, England). In
addition the compositional depth profile was recorded
by Auger electron spectroscopy (PHI-590AM Scann-
ing Auger Microprobe, Perkin-Elmer, U.S.A). The
depth profiles of Cu and O were used to determine
the thickness of the oxidized layer on the electroless
coppet.
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Figure 2 Adhesion strength of electroless plated Cu to AIN substra-
te after the slow thermal cycling test.

3. Results and discussion

The difference in the thermal expansion coefficients is
always attributed as the reason for joint failure under
thermal cycling. Stress resulting from thermal mis-
match tends to reduce the adhesion between the de-
posit and the substrate. The thermal expansion coeffi-
cients of AIN, Cu and 63Sn/37Pb are 4.6 x 10~ ¢°C ™1,
247x107%°C™ !, and 16.6 x 106°C~ ! respectively
[1, 15, 16]. To investigate the reliability of the electro-
less Cu-plated AIN, specimens were placed in an envir-
onmental chamber for the thermal cycling test. The
adhesion strength of electroless plated Cu to AIN after
temperature cycling is given in Fig. 2. The adhesion
strength drops below 4.9 Nmm ~? after 10 cycles.

The X-ray diffraction patterns of electroless Cu-
plated AIN after various cycles are shown in Fig. 3.
The Cu,O phase is found after 10 cycles and the
amount of Cu,O is enhanced as the number of cycles
is increased. Fig. 4 demonstrates Auger depth profiles
of Cu and O for specimens subjected to 5, 10 and 15
thermal cycles. The oxidized layer reaches ~ 650 nm
when the number of cycles is 15. It is observed that
fracture takes place at the Cu side, instead of at the
Cu/AIN interface after the pull-off test, for samples
subjected to more after 10 cycles. The X-ray diffrac-
tion patterns from the fracture surface for samples
after 20 cycles are represented in Fig. 5. There exists
primarily Cu,O with negligible Cu on the top fracture
surface. The top fracture surface is the one attached to
the stud after fracture, while the bottom fracture sur-
face is associated with the underlying substrate. The
Al phase indicated in Fig. 5 comes from the stud used
for the pull-off test. On the bottom fracture surface,
however, Cu and AIN phases are identified, while
Cu,0 is not observed. This implies that the crack
propagates through the Cu,0Q/Cu interface. It is
argued that forming Cu,O on the electroless Cu
surface alters the mechanical properties of electroless
Cu, and thus the electroless Cu becomes brittle. As
a consequence, fracture takes place within the deposit
itself.

In addition, the presence of Cu,O on electroless Cu
increases the electrical resistance of the electroless Cu.
The sheet resistance of the deposits after various num-
bers of cycles is shown in Fig. 6. The sheet resistance
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Figure 3 X-ray diffraction patterns of the electroless Cu-plated AIN substrate after various slow thermal cycles in an environmental chamber.
(a) 0 cycles, (b) 5 cycles, (c) 10 cycles, (d) 15 cycles, (e} 20 cycles, (f) 25 cycles, and (g) 30 cycles.
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Figure 4 Auger depth profiles of Cu and O for the electroless Cu
plated AIN substrate after (——) (5), (——-) (10), and (- ---) (15), slow
thermal cycles.

of the deposit increases drastically after 10 thermal
cycles die to the formation of Cu,0.

The slow thermal cycling test was performed in an
environtnental chamber. The moisture existing in the
environmental chamber freezes to ice when the tem-
perature is dropped from the elevated temperature
(150°C)'to the lower temperature ( — 50°C). On the

other hand, when the temperature is increased from
—50°C to 150°C, the ice melts and water vaporizes.
It is argued that the oxidation of copper is attributed
to the presence of moisture. In order to investigate this
possibility, another temperature profile, shown in
Fig. 1b, was employed. Specimens were transferred
manually from an oven at 150 °C to freezing chamber
at — 50°C with a cyclic period of 22 min. The Cu,O
phase is not observed in X-ray diffraction patterns for
these samples under fast thermal cycling conditions.
Fig. 7 indicates the variation in the measurement of
the adhesion strength after fast thermal cycling. The
sample fails at the Cu/AIN interface after the pull-off
test. The adhesion strength decreases gradually as the
number of thermal cycles increases, and it decreases to
below 4.9 Nmm ™2 after 25 cycles.

As a comparison, the adhesion strength after
5 cycles is 27.4 Nmm ~ 2 for slow thermal cycling, while
itis only 15.2 Nmm ™ 2 for the fast thermal cycling. The
duration of the temperature transient between 150 °C
and — 50° Cis 110 min for the slow thermal cycles as
compared to only 1 min for the fast cycling; thus more
thermal shock is introduced in the fast cycling than in
the slow cycling. This is the reason why the adhesion
strength after 5 cycles of fast cycling is lower than that
for slow cycling. As the number of thermal cycles
increases to 10, the adhesion strength for slow cycling
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Figure 5 X-ray diffraction patterns of the fracture surface for the
electroless Cu-plated AIN substrate after 20 slow thermal cycles. (a)
Top fracture srface and (b) bottom fracture surface.
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Figure 6 Sheet resistance of the electroless plated Cu after various
numbers of slow thermal cycles.

decreases to 3.9 Nmm ~ > while it is 12.9 Nmm ~2 for
fast cycling. One might argue that the dramatic de-
crease in the adhesion strength after slow cycling re-
sults from the oxidation of electroless Cu. On the
other hand, the sample subjected to fast cycling is not
affected significantly by moisture. Thus the adhesion
strength is higher than that for slow cycling after more
than 10 cycles.

Fig. 8 demonstrates the X-ray diffraction patterns of
soldered specimens after various numbers of slow
thermal cycles. No intermetallic compound is found
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Figure 7 The adhesion strength of electroless Cu-plated AIN sub-
strate after various numbers of fast thermal cycles.
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Figure 8 X-ray diffraction patterns of soldered samples after vari-
ous numbers of slow thermal cycles. (a) O cycles, (b) 5 cycles, (c) 10
cycles, (d) 15 cycles, (¢) 20 cycles, (f) 25 cycles and (g) 30 cycles.

in the solder/Cu/AIN system after 30 cycles. Cu,O
phase is not observed since the electroless Cu surface
is covered by solder. The adhesion strength, shown in
Fig. 9, decreases to below 4.9 Nmm ~? after 25 cycles.
The cross-sectional view of the fracture surface after
the pull-off test is represented in Fig. 10. The fracture
takes place at the Cu/solder, interface. Since no inter-
metalic is formed between the Cu layer and the solder,
as is the case for soldered sample after thermal storage
[14], the main cause for failure should be the thermal
stress resulting from thermal cycling. It is believed that
the difference in thermal expansion between the Cu
plating and the solder introduces appreciable thermal
stresses when the sample is subjected to the thermal
cycling test, and the resulting thermal stress in the
deposit causes the adhesion strength to degrade, as
indicated in Fig. 9.
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Figure 9 Adhesion strength of soldered samples after various num-
bers of slow thermal cycles.

Substrate

(a)

(b)

Figure 10 The cross-sectional view of the fracture surface of the
soldered samples after the pull-off test. Samples subjected to 30 slow
thermal cycles. (a) Schematic diagram and (b) SEM morphology

4. Conclusion

Temperature cycling effects between the Sn/Pb solder
and the electroless Cu-plated AIN substrate are evalu-
ated. During the thermal cycling test, oxidation of
electroless Cu takes place due to moisture in the
environmental chamber. Cu,O is thus formed on the

electroless Cu and results in a decrease in the adhesion
strength and an increase in the electrical sheet resist-
ance. During the pull-off test, the crack propagates
through the Cu,O/Cu interface and fracture takes
place within the plated Cu. For soldered specimens
after 30 thermal cycles, no intermetallic compound is
found and the loss in adhesion strength is attributed
to the thermal stress as caused by the temperature
transient.
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