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Grain boundary diffusion coefficients in gold–nickel
thin films
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Polycrystalline gold–nickel thin films are deposited on silicon (111) wafers by evaporation in a vacuum
of 2 × 10−6 mbar. Concentration profiles of heat-treated specimens are obtained by Auger electron depth
profiling. The heat treatments are carried out in a vacuum furnace of 4 × 10−6 mbar in the temperature
interval 473–773 K. The grain boundary diffusion coefficient is determined, using a modified Wipple
model, to be (3 × 10−4 cm2 s−1) exp (−0.94 eV kT−1). It is concluded that interdiffusion in the investigated
system is characterized by type B kinetics, and that grain boundary diffusion plays a dominant role in the
mass transport process of such films. Copyright  2003 John Wiley & Sons, Ltd.
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INTRODUCTION

One system routinely employed for packaging high-
reliability microelectronic devices consists of gold-plated
nickel. Nickel is used as an underplate instead of tin or lead
for several reasons:

(1) Unlike tin, nickel will not smear or transfer to and
thus contaminate the gold button or gold plating on
the contact point.

(2) Much testing has demonstrated that a nickel underplate
enhances the wear characteristics of gold.

(3) The nickel barrier helps to reduce both the number and
effect of pores, as opposed to plating gold directly.

(4) Nickel acts as a diffusion barrier between the gold
overlayer and the substrate.

Grain boundary diffusion often controls evaluation of
the structure and properties of engineering materials at
elevated temperatures. Short-circuit diffusion through grain
boundaries is one of the main modes of device failure in
microelectronics. Several analytical models and techniques
have been proposed and applied1 – 6 for the analysis of
grain boundary diffusion in thin specimens. In this work,
a modified Wipple model1 was used to determine grain
boundary diffusion coefficients (Db) in the temperature
interval 473–773 K used in the fabrication processes of
microelectronic devices. The aforementioned model needs to
measure the concentration profiles of the diffusant materials.
These profiles were obtained by Auger electron spectroscopy
(AES) in combination with ion sputtering, as published
previously7 by the author.
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EXPERIMENTAL

Gold–nickel bilayer thin films were prepared on highly
cleaned8 Si(111) wafers by the sequential evaporation of
high-purity nickel (99.99%) and gold (99.99%) under an
uninterrupted vacuum of 2 ð 10�6 mbar. The thickness of
each layer was 200 nm, with an average evaporation rate of
15 nm min�1 for the nickel layer and 13 nm min�1 for the gold
layer. The substrates were maintained at 373 K during the
deposition. After preparation, isothermal diffusion annealing
was performed in a vacuum furnace of 4 ð 10�6 mbar at
constant temperature (473–773 K) for an annealing time of
5–180 min.

Concentration profiles were obtained using AES in com-
bination with in situ ArC sputtering. The Auger system used
was a SAM 660 scanning Auger microprobe manufactured
by Perkin-Elmer and operated at the following specifications
and conditions: for the primary electron beam the current
was 500–600 nA, the incident energy was 5 keV and the beam
width was 1 µm rastered across an area of ¾100 ð 100 µm2;
for the ArC ion beam the voltage was 3 kV, the current was
0.8 µA, the spot size was 800 µm scanned during sputtering
in an area of 3 ð 3 mm2, the basic vacuum in the analysis
chamber was 3 ð 10�10 mbar and during sputtering it was
2 ð 10�8 mbar. The AES data were collected in the derivative
mode using the 848 eV Ni peak and the 2024 eV Au peak.
X-ray diffraction (XRD) analysis was achieved by a Philips
PW 1710 automated diffractometer using monochromated
Cu K˛ radiation of 1.5406 Å wavelength.

RESULTS AND DISCUSSION

According to the modified Wipple model, the grain boundary
diffusion coefficient (Db) is best evaluated from the equation

Dbυ D 0.661
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where υ denotes the effective grain boundary width
(¾0.5 nm3), (∂lnC/∂y6/5) is the slope of the plateau region
of the average concentration (C) profiles in the form of lnC
versus y6/5 (y denotes the direction normal to the original
interface), D denotes the intragranular diffusion coefficients
(which have been determined9 for the same specimens to be
5.3 ð 10�16, 4.0 ð 10�17, 2.5 ð 10�18 and 1.2 ð 10�19 cm2 s�1

at 773, 673, 573 and 473 K, respectively) and t denotes the
diffusion anneal time.

Figure 1 displays Wipple plots of lnC versus y6/5 for four
specimens annealed at 773, 673, 573 and 473 K for 5, 20,
80 and 180 min, respectively. The atomic percentage was
obtained by a computer program using an equation of the
form10

Ci D Ii/Ai
rel

n∑
jD1
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where Ci is the concentration of the ith component (in at.%),
Arel is the relative Auger yield, Ii is the measured peak-
to-peak Auger intensity of component i and j is a running
index over all the elements in the sample. The advances in
improving the depth resolution made by Hofmann11 were
taken into account in the present analysis. Within ¾20 nm
of the interface, erfc[y/2(Dt�1/2] diffusion predominates. The
apparent linearity of this part is due to the fact that ln [erfc(x)]
is almost linear, with x615 down to a concentration of 6%. The
presence of grain boundary diffusion is evidenced by the
breaks in the curves and the linear regions beyond 20 nm.
The Db values are determined by applying Eqn. (1) to the
slopes of the latter regions (plateau regions): 3.2 ð 10�10,
1.7 ð 10�11, 9.6 ð 10�13 and 3.7 ð 10�14 cm2 s�1 at 773, 673,
573 and 473 K, respectively. The diffusion coefficient within
the boundary exceeds the value within the grain by over five
orders of magnitude, which means that Dbυ/2D (Dt�1/2 × 1,
as required for Eqn. (1) to be valid. The Db values are
sufficiently large to explain the build-up of nickel at the
gold surface for specimens annealed at 773 K for times as
short as 5 min, i.e. the diffusion length (2(Dbt�1/2 ¾ 6200 nm)
is larger than the gold film thickness (200 nm). The same
analyses are valid for specimens annealed at 673, 573 and
473 K. The build-up of nickel at the gold surface may be
attributed also to diffusion through a high defect density,
such as the pinholes that were observed for these films.7
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Figure 1. Wipple plot of nickel profiles in gold.
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Figure 2. Grain boundary diffusion coefficient Db as a function
of 1/T for nickel in gold.

An Arrhenius plot of the Db values versus 1/T is
displayed in Fig. 2, wherein the equation of the curve is com-
puted to be Db D �3 ð 10�4 cm2 s�1) exp (�0.94 eV kT�1).
Because the error in determining Db is constant or inde-
pendent of temperature, only the pre-exponential term
(3 ð 10�4 cm2 s�1) and not the activation energy (0.94 eV)
should be sensitive to its effect. It is unusual to find the
activation energy for Db (0.94 eV) to be greater than that for
D (0.87 eV).9 They are both, however, less than that for the
bulk diffusion coefficient (1.8 eV) at high temperatures.12

Previous analysis suggests that interdiffusion in the
gold–nickel thin-film system is characterized principally by
type B kinetics.3 Here also diffusion along the boundary is
accompanied by lateral leakage of the diffusant by volume
diffusion, but the extent of this leakage is limited to distances
much smaller than the grain size so that no overlapping of
the diffusion fields from the neighbouring boundaries occurs
and the boundaries can be considered as essentially isolated.
This can be emphasized by comparing the volume diffusion
lengths (2(Dt�1/2� of 8, 4.4, 2.2 and 0.7 nm for the annealing
conditions of the present work with the gold grain size of
55 nm determined from XRD analysis.13

It should be pointed out that the gold–nickel system
is completely miscible at higher temperatures, as the phase
diagram14 displays. However, there is a solubility limit of this
system in the investigated temperature range. This solubility
limit is nearly 4 wt.% (12.3 at.%) Ni in Au in the temperature
range 473–873 K. The measured Ni atomic percentage in the
investigation conditions is less than the solubility limit, and
we predict that increasing the diffusion time would cause
the diffusant Ni to exceed the solubility limit, which would
alter the diffusion mechanisms in this system.

CONCLUSIONS

(1) Interdiffusion in gold–nickel polycrystalline thin films is
characterized principally by type B kinetics.

(2) Grain boundaries play a dominant role in the mass
transport process of such films.

(3) The relatively large values of Db are sufficient to account
for the measured concentration profiles.
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As temperatures in the range 473–773 K are routinely
attained in processing protocols in the microelectronics
industry, care must be taken to minimize intermetallic
diffusion during device fabrication. Such diffusion could
readily influence the reliability of specific devices. The
present data suggest that diffusion can be minimized by
preparing coarse-grained films, reducing the annealing
temperature and time and avoiding oxidizing environments
during thermal treatments.
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