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In situ x-ray diffraction was performed while annealing thin film Au/Cu binary diffusion couples to
directly observe diffusion at elevated temperatures. The temperature dependence of the
interdiffusion coefficient was determined from isothermal measurements at 700, 800, and 900 °C,
where Cu and Au form a disordered continuous face centered cubic solid solution. Large differences
in the lattice parameters of Au and Cu allowed the initial diffraction peaks to be easily identified,
and later tracked as they merged into one diffraction peak with increased diffusion time. Initial
diffusion kinetics were studied by measuring the time required for the Cu to diffuse through the Au
thin film of known thickness. The activation energy for interdiffusion was measured to be
65.4 kJ/mole during this initial stage, which is approximately 0.4� that for bulk diffusion and 0.8�
that for grain boundary diffusion. The low activation energy is attributed to the high density of
columnar grain boundaries combined with other defects in the sputter deposited thin film coatings.
As interdiffusion continues, the two layers homogenize with an activation energy of 111 kJ/mole
during the latter stages of diffusion. This higher activation energy falls between the reported values
for grain boundary and bulk diffusion, and may be related to grain growth occurring at these
temperatures which accounts for the decreasing importance of grain boundaries on diffusion.

© 2006 American Vacuum Society. �DOI: 10.1116/1.2204926�
I. INTRODUCTION

Copper and gold are high conductivity metals used widely
in the semiconductor industry and elsewhere.1 Thin Au coat-
ings are sometimes used on Cu substrates to prevent oxida-
tion of the Cu and to enhance electrical conductivity, but
these thin coatings can diffuse into the copper substrate over
periods of time, even at moderately low temperatures. Nu-
merous studies have investigated the diffusion of Au in Cu
using different techniques such as tracer diffusion,2 high
resolution electron microscopy,3 x-ray diffraction,4 and Ru-
therford backscattering.5,6 The effects of grain boundaries
and other defects have been investigated and are of particular
importance since they accelerate the diffusion rate.7–9

At elevated temperatures, Cu and Au are mutually soluble
and form a melting point minimum at 910 °C,10 which
makes this alloy combination useful to join the materials
together through a eutectic-type bonding method. However,
due to the high diffusivity of Au in Cu at elevated tempera-
tures, thin films of gold may diffuse into the copper during
heating to the bonding temperature, thus altering both the
temperatures at which the liquid first forms and the widths of
the joints produced.11 This study was undertaken to further
investigate the diffusion of Au into Cu using a synchrotron
based x-ray diffraction technique in order to determine the
temperature dependence of the interdiffusion that occurs at
elevated temperatures in Au–Cu thin films. The in situ syn-
chrotron studies presented here are particularly useful in that
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they directly track the initial rapid diffusion that takes place
as the thin films intermix, as well as follow the interdiffusion
that takes place at longer times. The real time information
gathered from these experiments reveals information about
the kinetics and the mechanisms responsible for the interfu-
sion that takes place.

II. EXPERIMENTAL PROCEDURES

A. Sample preparation

The thin film samples were prepared by first depositing
high purity Cu onto a stainless steel substrate. A high purity
Au layer was then deposited on top of the Cu layer to com-
plete the composite sample. This arrangement allowed care-
fully controlled layers of Au and Cu to be deposited onto the
stainless steel substrate so that the coated bar could be resis-
tively heated to the required temperatures. The stainless steel
substrates consisted of rectangular bars that measured
100 mm long, 4.75 mm wide, and 2 mm thick. These
samples were machined from AISI type 304 stainless steel
that was originally acquired in the 100 mm diameter bar
stock. Chemical analysis was performed on the stainless steel
showing it to contain �wt %�: 18.44% Cr, 10.71% Ni,
0.019% C, 0.053% N, 1.67% Mn, 0.04% Mo, �0.005% Nb,
0.46% Si, 0.04% V, 0.04% Cu, 0.02% Co, 0.016% S, 0.015%
P, and balance Fe �68.5%�. One face of the stainless steel bar
�4.75�100 mm2� was mechanically lapped to a finish of

0.1 �m rms in preparation for the coatings. Prior to applying
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the coatings, the lapped stainless steel bar was first cleaned
with acetone and then wiped with ethanol to remove machin-
ing oils and contaminants.

The coatings were deposited on nonheated substrates us-
ing planar magnetron sputtering in a vacuum chamber with
base pressure in the 10−7 Torr range. Five samples were pre-
pared, all coated together to provide identical starting condi-
tions. The lapped and cleaned stainless steel surface was first
cleaned by ion milling with argon ions. They were then
coated with a thin �nominally 10.5 nm� flash of 99.995 wt %
Ti using one sputtering source in order to assist the adhesion
of the Cu to the stainless steel. This surface was then cosput-
tered with Ti and 99.99 wt % Cu from a second sputtering
source to provide a thin �nominally 10.5 nm� transition from
the stainless steel to the pure Cu layer without breaking
vacuum. The Ti source was then turned off to deposit a
35 �m thick Cu layer on top of the Ti/Cu layer during a
16 h run. The system was vented, the sputter target was
changed, and the sample stage was repositioned to sputter
deposit the Au layer.

After repositioning the substrates and installing the Au
target, the system was pumped down to a base pressure of
3.0�10−7 Torr. The Cu-coated bars were ion milled for 30 s
in high purity argon at 3 SCCM �SCCM denotes cubic cen-
timeter per minute at STP� and a pressure at 2.4
�10−3 Torr. The Au layer was then deposited from a
99.995 wt % target during a 1 h and 42 min run at a deposi-
tion rate of 350 Å/min, yielding an average thickness of
3.8 �m. The argon gas flows and pressures for deposition
were 20 SCCM flow/10 mTorr pressure �9.1�10−3 Torr in
the chamber�.

The thickness of the resulting Cu and Au layers were
determined from step height measurements made at the
edges of each coating using an Ambios XP2 profilometer.
The Cu and Au heights were able to be individually mea-
sured since the Cu layer was masked to be 1.5 in. long and
the Au layer was masked to be 1.0 in., leaving clean steps at
each interface. Figure 1 shows a photograph of one of the
completed samples, where the 1 in. wide gold layer is clearly
visible in the center of the 1.5 in. long Cu layer. The thick-
ness of the Au layers of the five samples was measured to be
3.82±0.47 �m, and that of the Cu layer was measured to be
35.4±1.00 �m. Variations in the thickness of the layers were
present due to the relatively large sputter area. These values
were individually recorded for each sample and used when
detailed calculations were required.

B. In situ x-ray diffraction experiments

Experiments were performed by heating sputter coated
samples to a given temperature while observing the x-ray
diffraction patterns using real time x-ray diffraction. The
x-ray diffraction measurements were performed on the UNI-
CAT beam line BM-33-C at the Advanced Photon Source
�APS� using a 30 keV x-ray beam from a ring current of
100 mA. This beam line was set up with a water cooled Si
�111� monochromator, and the beam was focused and sized

to dimensions of 1 mm wide by 0.25 mm high using a dy-
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namically bent Si crystal and collimator slits. The x-ray de-
tector, manufactured by Roper Scientific �A99k401, RS/
Photometrics�, focuses light from a scintillating screen onto a
Peltier cooled 16 bit charge-coupled device �CCD� using a
tapered fiber optic bundle. The effective pixel size of the
1024�1024 array is 60 �m. A schematic of the experimen-
tal setup is shown in Fig. 1, which is further described
elsewhere.12,13

The test coupons were clamped into a water cooled cop-
per fixture that allows high electrical currents to be passed
through them. Rapid heating of the samples was performed
by resistive heating, while rapid cooling was accomplished
using water cooled grips. The direct resistive heating of Cu
or Au would require prohibitively high currents of approxi-
mately 1000 A, due to the high thermal conductivity and low
electrical resistivity of these materials. The use of thin
samples would reduce the required heating current, but
would lead to sagging as the samples are heated. This prob-
lem was overcome by coating a stainless steel substrate,
which has higher electrical resistivity than Cu, with a thin
layer of Cu and then depositing the Au layer on top of the Cu
layer. Heating to 900 °C requires approximately 150 A,
which is easily accomplished with this setup.

The temperature of the sample was monitored during the
experiment using type-S �Pt/Pt-10%Rh� thermocouples
which were spot welded on the back side of the sample di-
rectly below the x-ray impingement point. A Eurotherm 818
temperature controller, a Eurotherm 425A power thyristor,
and a Trindl RT300 transformer were used to control the ac
current passing through the sample so that preprogramed

FIG. 1. �a� Schematic of the x-ray setup used for in situ observations of
phase transformations under controlled heating and cooling conditions. �b�
Photograph of the center section of one of the coated samples, showing the
Au layer �25 mm wide� on top of the Cu layer and stainless steel substrate.
thermal cycles could be followed in a controlled manner. The
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sample assembly was enclosed inside an environmental
chamber that was pumped down to the milliTorr level using
a turbomechanical pump in order to minimize oxidation of
the sample during high temperature runs. The heating power
supply is capable of producing 300 A at 6 V and can heat the
stainless steel sample up to temperatures as high as 1400 °C,
at rates as high as 50 °C/s.

While the sample is being heated, the x-ray beam im-
pinges on the top surface of the sample at a 6° angle of
incidence. This angle provided an x-ray penetration through
the Au layer and also into the Cu layer at the beginning of
the test, allowing both phases to be internally calibrated be-
fore any diffusion takes place. The diffracted beams were
collected using a CCD detector that was placed 330 mm be-
hind the sample. One of the initial x-ray diffraction patterns
is presented in Fig. 2. In this figure, the Debye arcs of the
diffracted beam are shown at room temperature for a 2�
range from 17.0° to 34.8° for the 30 keV x-ray beam.

During the experiment the detector captures the x-ray data
by integrating the diffracted beams over a 1 s exposure. An-
other 2 s is required to clear the data from the CCD detector
and transfer it to the computer, thus it is possible to capture a
complete diffraction pattern approximately every 3 s with
this arrangement. The detector readout was accelerated by a
2�2 binning of the pixels. An advantage of the two-
dimensional �2D� detector is that a larger number of grains
satisfy the diffraction condition than do for a conventional
� /2� scan, so statistically valid diffraction data can be col-

FIG. 2. Initial diffraction pattern of the gold-coated copper sample at room
temperature, showing Debye arcs on the CCD areal detector. The Bragg
angle is highest and the d spacing lowest at the top of the pattern.
lected for more coarse-grained samples.
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To calibrate the x-ray detector, the lattice parameter of
oxygen free high conductivity �OFHC� copper was measured
at room temperature using a conventional Cu K� x-ray dif-
fraction system. The x-ray diffraction patterns from the
in situ synchrotron studies were then fit to this lattice param-
eter by selecting five points along each of three Debye arcs
gathered from the initial diffraction pattern for each run. Fi-
nally, the sample-detector distance, the position of the center
of the arcs on the detector, and the magnitude and orientation
of the detector tilt are varied to minimize the difference be-
tween the d spacing at the selected points as calculated from
these detector patterns and that calculated from the lattice
parameters. Using this calibration, the Debye arcs are con-
verted into a one-dimensional �1D� plot showing diffracted
beam intensity versus d spacing using the FIT-2D

software.14,15 This software integrates the diffracted beam
intensity for each arc over the entire 2D areal array, creating
an intensity versus d spacing plot like the one shown in
Fig. 3.

III. RESULTS

A. General observations and initial sample condition

The design of the samples was such that the Au film was
thin enough to allow penetration of the 30 keV x-rays
through it and into the Cu below. Thus the initial diffraction
patterns, before any diffusion had taken place, contain both
Au and Cu peaks. Figure 3 shows one of the initial diffrac-
tion patterns indicating that three sets of peaks are present for
each element: fcc�111�, fcc�200�, and fcc�220�. In addition, a
partial Au fcc�311� peak appears at the lowest d-spacing lo-
cation. The large shift in the positions of the diffraction
peaks for the two elements results from the 12% difference
in their lattice parameters which are known to be 4.0783 Å
for Au and 3.6153 Å for Cu at room temperature.16 Note that
the Cu peaks are much lower in intensity than the Au peaks
in the initial diffraction pattern due to the attenuation of the

FIG. 3. Initial diffraction pattern at room temperature showing three sets of
diffraction peaks for each of the Au and Cu layers. An additional Au peak
appears at the lowest d spacing.
x-rays as they pass through the Au layer.
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During heating, all of the peaks shift to higher d spacings
due to the thermal lattice expansion effect. The amount of
lattice expansion is higher for Cu, which has a reported co-
efficient of thermal expansion �CTE� of 17.0�10−6 / °C,
than for Au, which has a reported CTE of 14.1�10−6 / °C.17

Prior to interdiffusion of the Au and Cu, additional shifts in
the peak positions may occur as any residual stress in the
films, induced during the sputter deposition process, ther-
mally relax as the sample heats. The thermal relaxation ef-
fects are difficult to quantify precisely but are relatively
small compared to the compositional effects. This is because
the strains resulting from residual stresses are less than the
yield strain of the material of approximately 0.2% at room
temperature.

When the samples reach the annealing temperature, inter-
diffusion of the Au and Cu takes place as a function of an-
nealing time. Since diffusion of Cu into Au is faster than that
of Au into Cu,17 it is expected that the first effect observed
will be Cu diffusing into the thin Au layer, decreasing the Au
lattice parameter to that of the intermixed solid solution
�Au/Cu�. Each pair of Cu and Au/Cu diffraction peaks
should eventually homogenize into one peak at long anneal-
ing times, and have a d spacing between those of the initial
peaks. By monitoring the changes in peak position with
in situ x-ray diffraction during the elevated isothermal hold-
ing times, these changes and the kinetics of interdiffusion
can be monitored in real time.

B. Elevated temperature experiments

The x-ray diffraction experiments were performed by
heating the samples to predetermined temperatures of 700,
800, and 900 °C, at a constant heating rate of 21 °C/s. Dif-
fraction patterns were captured every 3 s as described above
for the first several minutes of the run where the peak shape
and positions were changing the most, then every 10 s after-
wards to minimize the amount of data stored. The samples
were held at their respective temperatures for times up to 8 h
to produce long range diffusion in the thin films.

The evolution of peak positions for each temperature are
plotted in Figs. 4�a�–4�c�, which compares the Au�200� and
Cu�200� d spacings for the initial 200 s of the heating cycle.
Superimposed on each figure is the temperature profile
throughout the heating cycle. It is clear in these figures that
the d spacings for the Cu peaks continue to increase up to the
point where the isothermal hold temperature is reached, and
that those of the Au peaks begin to decrease before the hold
temperature is reached, due to the diffusion of Cu into the
thin Au film. The Au peaks begin to shift to lower d spacings
at approximately the same time. This is because the transfor-
mation begins before any of the isothermal temperatures are
reached, and because the heating rates are the same for all
three experiments. The point where the Au peaks begin to
shift to lower d spacings corresponds to a temperature of
approximately 650 °C for each of the experiments. This tem-
perature represents the point where the rate of decrease in the
Au lattice parameter due to Cu diffusion equals that of the

increase in the Au lattice parameter due to thermal expan-
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sion. Small amounts of interdiffusion may be taking place at
lower temperatures where the thermal expansion trend be-
gins to deviate from its pure Au value.

Once the Au peaks begin to shift to lower d spacings the
rate of change is rapid at first but decreases throughout the
remainder of the experiment. The total change in peak posi-
tions is dramatic, whereby the position of the initial Au peak
approaches that of its corresponding Cu peak at large diffu-
sion times. Figure 5 shows this change for the 800 °C an-
nealing where the initial diffraction pattern is superimposed
on the final diffraction pattern after an annealing time of 2 h.
The initial diffraction pattern contains both Au and Cu peaks
whereas the final diffraction pattern shows only one peak

FIG. 4. d spacings �symbols� for the Au �200� and Cu �200� planes as a
function of time for: �a� 700 °C, �b� 800 °C, and �c� 900 °C. The solid lines
plot the temperature profile of the sample.
which is the end point of the intermixed Cu/Au film. The
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final peak has a higher intensity than the initial Au peak, and
its position moves to a location near the initial Cu peak.
Since the initial thickness of the Cu layer was approximately
ten times that of the Au layer, the final average composition
of the interdiffused coatings is closer to that of Cu than Au.
Similar results were found at the other two temperatures,
though the amount of time required to homogenize the films
was different, decreasing with increasing temperature as ex-
pected.

IV. DISCUSSION

A. Initial stages of interdiffusion

Because the diffraction profiles are qualitatively different
early and late in the interdiffusion process, different analysis
techniques must be used. Early diffusion rates are compared
based on the time for the Au peak to sharpen, indicating that
a uniform composition has developed in the Au layer of
known thickness at the surface of the sample. Late diffusion
rates are compared based on the time required for the near
surface region to reach various compositions.

During the initial stages, interdiffusion of Au and Cu oc-
curred rapidly starting at temperatures of approximately
650 °C and was accompanied by a corresponding change in
the profiles of the Au peaks. Figure 6 shows the peak shift
for the �220� reflections taken at 3 s intervals during the
800 °C run where rapid diffusion is taking place. These su-
perimposed profiles show the initial interdiffusion stage from
t=36 s to t=57 s, where a Cu-rich shoulder builds up and
grows on the low d-spacing side of the Au peak. The anneal-
ing temperature of 800 °C is reached midway between this
transition at t=48 s where the Cu�220� reflection stabilizes
its peak position but the Au peak continues to decrease in d
spacing with further annealing. The growth of the shoulder
on the Au peak is rapid and distinct, indicating that Cu is
diffusing into the bottom of the 3.8 �m thick Au layer, cre-

FIG. 5. Comparison between the initial �solid line� and the final �dashed line�
diffraction pattern of the sample held at 800 °C for 2 h. The initial Cu peaks
disappear during annealing �small peaks marked by the solid line�, while the
lattice parameter of the Au peaks decrease as indicated by the arrows. Simi-
lar changes were observed in the samples held at 700 and 900 °C.
ating this shoulder. Eventually one single Au/Cu peak is
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formed, and this peak continues to move to lower d spacing
values with increased annealing time. Similar rapid transi-
tions were observed in experiments performed at 700 and
900 °C.

The peak broadening observed in Fig. 6 results from the
different lattice parameters of the Cu and Au phases. In ad-
dition, since both elements are fcc and do not form ordered
compounds at these annealing temperatures,10 the peak
broadening should occur in a continuous manner through
substitutional diffusion of Cu and Au through the fcc lattice.
Figure 7 plots the measured width of the �111� reflections
during each of the three runs for the first 120 s of the heating
cycle. Here the width that is plotted is the standard deviation
of the Gaussian fit to the diffraction peak, which includes the
Cu shoulder that appears on the low d spacing side of the Au
peak. Each of the three annealing temperatures behave in a
similar fashion whereby the peaks initially narrow, then

FIG. 6. Peak profiles for the �220� reflections taken at 3 s intervals during
the 800 °C anneal. These profiles show the rapid interdiffusion stage from
t=36 s to t=57 s, where a Cu-rich shoulder builds up and grows on the low
d spacing side of the Au peak, and eventually creates a single Au/Cu peak.

FIG. 7. Peak widths vs time for each of the three annealing temperatures.
Narrowing of the peaks occurs around t=20 s due to annealing. The spike in

peak widths corresponds to diffusion of Cu into the Au layer.
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spike in width before settling down to a width that slowly
decreases with increasing annealing time. The initial de-
crease in peak width, beginning at approximately t=20 s, is
most likely caused by the annealing of residual stresses in
the initial thin films. This type of decrease in peak width is
commonly observed and is seen here before any measurable
diffusion has occurred. The spike in the peak widths, begin-
ning at approximately t=30 s, occurs as the Cu-rich shoulder
begins to develop as Cu diffuses into the Au layer as detailed
earlier in Fig. 6 for the sample held at 800 °C. At the end of
the spike, a somewhat homogeneous Au/Cu layer has
formed into a single peak. This homogeneous Au/Cu layer is
enriched in Au relative to the moderately thick Cu layer be-
low it, and its diffraction peak continues to shift with in-
creased annealing time as these two layers interdiffuse. Note
that the diffraction peak during the 900 °C annealing tem-
perature was interrupted by a sudden change in texture from
a Au�111� preferred orientation to a Au�200� orientation, as
will be discussed later.

During the initial stages of diffusion, the diffusion coeffi-
cient can be estimated at each temperature as the Cu diffuses
through the Au layer of known thickness using the thin film
planar diffusion solution to the diffusion equation. This rela-
tionship relates the diffusion distance X to the diffusion co-
efficient D and the diffusion time t through the well known
relationship: X2=4Dt.18 Taking the diffusion distance to be
the thickness of the Au layer, and the diffusion time to be
that required for Cu to diffuse through the Au layer, the
diffusion coefficient was calculated for each temperature.
Here, the diffusion time is assumed to be the amount of time
that the spike in the peak width curve exists between its
minimum value before the spike begins and the time that this
same peak width is observed after the spike has disappeared.

Table I summarizes the results of the diffusion calcula-
tions for the three annealing temperatures. These data should
be taken as a lower bound on the diffusion coefficient since
the layer thickness is continuously increasing. Using this ap-
proach, the calculated diffusion coefficient is shown to vary
from 5.1�10−2 to 2.1�10−1 �m2/s over the 700–900 °C
temperature range. These data can be compared to reported
values of the bulk diffusion coefficient for Au in Cu, which
ranges from 5.8�10−4 to 3.8�10−2 �m2/s, and for Cu in
Au, which ranges from 7.8�10−3 to 2.8�10−1 �m2/s over
the same temperature range.17 Thus the difference between
the bulk and the thin film diffusion coefficients decreases as
the temperature increases, and the thin film diffusion coeffi-

TABLE I. Estimated diffusion coefficients for the three temperatures based on
the peak width measurements.

Time to diffuse
through Au layer

�s�
Temperature

�°C�
Au-film thickness

��m�
D

��m2/s�

54 700 3.38 0.053
38 800 3.76 0.093
22 900 4.33 0.213
cient is closer to that of Cu in Au than vice versa.
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Taking the expression D=A exp�−Q /RT� to represent the
diffusion coefficient,19 the activation energy Q and the fre-
quency factor A can be determined by plotting the diffusivity
data presented in Table I as ln�D� versus �1/T� in order to
linearize the diffusion expression. This result is presented in
Fig. 8 where the slope of the curve is equal to Q /R and the
intercept is equal to ln�A�. A linear regression through the
three data points has an r2 fit value of 0.973, and gives the
activation energy for diffusion of Q=65.4 kJ/mole, and the
frequency factor of A=163 �m2/s.

Reported values of the activation energies for diffusion of
Au into Cu, and Cu into Au, vary considerably. Bulk diffu-
sion measurements indicate that the activation energy for in-
terdiffusion of Au into Cu is 197.8 kJ/mole, DAu/Cu

=0.243 exp�−197.8/RT� �cm2/s�, while that of Cu into Au is
170 kJ/mole, DCu/Au=0.105 exp�−170.0/RT� �cm2/s�.17

These activation energies are considerably higher than the
observed values in the thin films measured in this study, and
a comparison of the calculated bulk interdiffusion measure-
ments for Au and Cu with the thin film results is presented in
Fig. 8. This comparison shows that the bulk diffusivity of Cu
into Au is about ten times greater than that of Au into Cu at
these temperatures. At 900 °C �1000/T�K�=0.85�, the bulk
diffusivity of Cu into Au is approximately equal to that mea-
sured for thin films. However, at lower temperatures where
grain boundary diffusion plays a larger role, the measured
diffusivity in the thin films is much more rapid. Therefore,
based on the low activation energy for interdiffusion mea-
sured in the thin films and the high diffusivities at low tem-
peratures, it is apparent that grain boundaries, and/or other
defect structures, are playing an important role in diffusion
that occurs in the thin films.

It is known that grain boundary diffusion is reported to
occur with activation energies that that can be less than bulk
diffusion by a factor of 2 or more.7–9 One study measured the
activation energy for grain boundary diffusion of Au in high

FIG. 8. Comparison of the initial thin film diffusion coefficient with reported
bulk diffusion values for Au in Cu and Cu in Au �dashed lines�. The results
of this study �solid line and symbols� for thin films based on the spike in
peak widths at early annealing times. Activation energies are in kJ/mole.
purity polycrystalline copper at temperatures up to 763 °C to
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be 81.2 kJ/mole.8 This activation energy is similar to the
measured activation energy of 65.4 kJ/mole found in this
study on thin films. Since sputtered thin films are known to
form with high amounts of defects and grains growing in
columnar fashion along the direction of deposition,9 it is not
surprising to see a high fraction of grain boundaries or other
defects contributing to the overall diffusion in the Au thin
film.

B. Later stages of diffusion

At longer annealing times, long range diffusion creates a
Au/Cu layer of unknown thickness that increases with time.
It is not straightforward to extract diffusion rates from the
time dependence of these diffraction profiles since the com-
position varies continuously through the film. Modeling the
evolution of the compositional profile would require knowl-
edge of the diffusion rates for both Au and Cu for the full
range of Au/Cu solid solutions. A further complication is the
large difference in x-ray penetration depth between Au- and
Cu-rich materials. The penetration depth of the x rays at
30 keV for the interdiffused material falls between that of
pure Au �19.8 �m� and that of pure Cu �170 �m�, thus the
depth sampled by the beam changes as the interdiffusion of
Au and Cu progresses.

For these reasons, this work focuses mainly on extracting
the activation energy of diffusion at longer times. This sug-
gests making the assumption that interdiffusion can be ap-
proximated by a single activation energy, so the evolution of
the compositional profile, and therefore the diffraction pat-
tern, at each temperature is similar, and differs only by an
overall Arrhenius scale factor in the rate I�d , t ,T�
= f�d , t exp�Q /RT��, where I is the diffracted intensity, d the
d spacing, t time, Q the activation energy, and T the tempera-
ture. This assumption allows Q to be found without perform-
ing the complex modeling necessary to determine the func-
tion f by comparing the time required to reach various stages
in the evolution of I.

The x-ray diffraction measurements showed that the peaks
sharpened with increased annealing time, indicating that a
uniform composition is developing in the near surface re-
gion. This sharpening occurs as the two separate Cu and Au
peaks combine. Annealing of microstresses and grain growth
continue to sharpen the combined peak even further during
the later stages of the isothermal hold. The rate at which this
composition evolves can be used as another measure of the
activation energy for longer diffusion times. Assuming Veg-
ard’s law applies to this system, the lattice parameter of the
binary Cu/Au phase will follow a rule-of-mixture relation-
ship with the atomic fraction of the diffusing elements.16

Although this law is not always followed, it is a reasonable
assumption for the Au/Cu system where deviations from it
are on the order of 5% or less.20 Using Vegard’s law the
composition of the intermixed Au/Cu phase can be esti-
mated from its measured lattice parameter and can be ex-

pressed by the following equation:
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XCu = �a0
Au − a0

Au–Cu�/�a
0

Au − a0
Cu� . �1�

In this expression, XCu is the atomic fraction Cu in the mixed
Au/Cu phase, ao

Au is the temperature dependent lattice pa-
rameter of Au, ao

Cu is the temperature dependent lattice pa-
rameter of Cu, and ao

Au–Cu is the measured lattice parameter
of the mixed Au/Cu phase as determined by the in situ x-ray
diffraction experiments. The temperature dependent lattice
parameters are used here because some transformation was
observed to occur during the experiments before the isother-
mal annealing temperatures were reached.

The x-ray data was analyzed using Eq. �1� to determine
the composition of the intermixed phase based on the
fcc�200� diffraction peaks as a function of annealing time.
Figure 9 plots the results for each of the three temperatures
up to a total time of 10 000 s, showing the increase in Cu
content with annealing time. As expected, the sample held at
900 °C intermixes more rapidly than the samples held at
lower temperatures, and all the samples show a decreased
rate of intermixing with increased annealing time. The
700 °C sample was held for a total time longer than is shown
in Fig. 9, eventually reaching a fraction Cu of 0.76 at
28 000 s which is similar to that observed in the samples
held at the higher temperatures for shorter times. At longer
times the Au/Cu diffraction peaks for all three temperatures
continue to move to lower d spacings as interdiffusion
continues.

The time required to reach a given composition of the
intermixed phase was determined from the results presented
in Fig. 9 for several different compositions and for each of
the three temperatures using the Au/Cu�200� peaks. These
results are presented in Fig. 10, which plots the natural log
time versus 1/T for compositions ranging from 0.5 Cu to
0.75 Cu. As before, the slope of this line is related to the
activation energy for interdiffusion, and it is clear that acti-
vation energies increase with diffusion time. At a Cu fraction
of 0.75, the calculated activation energy is 111.4 kJ/mole,

FIG. 9. Compositions of intermixed phase as a function of annealing time for
the three annealing temperatures as determined by shifts in the Au/Cu�200�
diffraction peaks.
which is nearly twice that of the initial diffusion rate. This
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activation energy falls somewhere between the grain bound-
ary and the bulk diffusion, indicating that the effects of grain
boundaries and defects are decreasing as the interdiffusion
becomes more complete. This effect could be caused by
grain growth, which would reduce the amount of grain
boundary area available for diffusion, or by the saturation of
grain boundaries and other defects by interdiffusion.

Note that the diffusion times for the 900 °C temperature
at lower amounts of interdiffusion do not fit the
111.4 kJ/mole trend of the remainder of the data, and appear
to require longer times to reach a given amount of intermix-
ing. This result is most likely due to the partial melting of the
near surface region that occurred in this sample at an early
portion of the 900 °C hold. The partial melting and resolidi-
fication increased the grain size of the Au film, thus decreas-
ing the overall diffusivity in this sample.

C. Characterization of the films

Scanning electron microscopy �SEM� was performed on
the surface of the films, both before and after annealing, to
determine if the grain boundary structure could be deter-
mined. Figure 11 compares micrographs of the as-received
Au surface to those after 700 and 900 °C annealing runs.
This surface of the as-deposited Au film �Fig. 11�a�� has
some grooved areas that are on the order of 10 �m or
smaller, which most likely correspond to grain boundaries
carried through the film from the original stainless steel sub-
strate. Within these larger grains, there are features on the
order of 1 �m or smaller which most likely correspond to
columnar grains of the as deposited films which are expected
in low temperature deposited thin films.9 Figure 11�b� shows
the structure of the Au surface after annealing for 8 h at
700 °C. The size of the visible surface features appears to be
on the order of 2 �m or less, which appears larger than that
of the as deposited film. The sample annealed at 800 °C for
2 h looked very similar to the sample held at 700 °C for 8 h,

FIG. 10. Plot showing the natural log of the time required to reach Cu
compositions ranging from 0.50 to 0.75 for each of the three annealing
temperatures. The activation energy indicated is in kJ/mole.
and is not shown here.

JVST A - Vacuum, Surfaces, and Films
In contrast to the samples annealed at 700 and 800 °C,
the sample annealed at 900 °C shows visible grain bound-
aries with grain sizes in excess of 20 �m. This microstruc-
ture is shown in Fig. 11�c�, and is pitted with pores up to
1 �m in diameter that are distributed throughout the grains.
In addition, the microstructure shows a lath type substructure
throughout the grains that appear to have a crystallographic
orientation relationship to the grains. At 900 °C, which is
near the melting point minimum in the Au–Cu system, dif-
fusion is rapid, allowing the microstructural changes to rap-
idly occur. Looking over the individual diffraction patterns
for this run showed that there was a dramatic change in tex-

FIG. 11. Scanning electron micrographs of the Au surface. �a� Prior to an-
nealing, �b� after annealing at 700 °C, and �c� after annealing at 900 °C.
ture when the temperature first reached its 900 °C set point.
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Three consecutive diffraction patterns show this transition in
Fig. 12. Frame 19 corresponds to a time of 54 s after the start
of the experiment, just before the sample reaches 900 °C,
while frames 20 and 21 correspond to times of 57 and 60 s,
respectively. Due to thermal overshoot of the temperature
controller, the temperature of the sample spiked to 918 °C in
frame 20, before coming back down to 900 °C for the re-
mainder of the experiment. Since the Au/Cu system has a
melting point minimum of 910 °C for a 20 wt % Cu
composition,10 it is likely that the sample experienced some
degree of melting in the diffuse Au/Cu interface. This melt-
ing would explain the broad diffraction pattern seen in frame
20 and would help to explain the rapid change in texture of
the sample.

A metallographic cross section was made through the
sample heated to 800 °C to examine the microstructure of
the Au/Cu intermixed zone after annealing. The SEM micro-
graph of this cross section is shown in Fig. 13, indicating that
substantial porosity has developed in the near surface region
of the sample. The porosity has a wide size distribution, from
less than 100 to 500 nm, and appears to be scattered ran-
domly throughout the top 4–5 �m region of the sample. The
origin of this porosity is most likely due to the Kirkedall
effect16 that results from the different diffusivities of Cu in
Au. The different diffusivities causes a net flux of atoms
across a given lattice plane, causing the creation and annihi-
lation of vacancies. Under nonequilibrium conditions, high
vacancy concentrations can be generated and cause the pre-
cipitation and growth of microvoids which eventually create
pores of considerable size, such as those indicated in Fig. 13.

In summary, the thin films appear to have initial columnar
grain sizes on the order of a micron or smaller, which results
in a high concentration of grain boundaries that accelerate
the diffusion kinetics. These grains appear to coarsen at an-
nealing temperatures of 700 and 800 °C, which may contrib-

FIG. 12. Three consecutive x-ray diffraction peaks from the sample heated to
900 °C. These x-ray patterns show the change in texture from Au�111� to
Au�200�, and a shift to lower d spacing as Cu diffuses into the Au layer.
ute to the increased activation energy for diffusion at longer
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annealing times. In addition, Kirkendall voids were observed
at these annealing temperatures as a result of the different
diffusivities of Au and Cu. At 900 °C, a momentary partial
melting of the sample created much larger grains and visible
voids on the surface of the sample. The larger grains appear
to have slowed the interdiffusion kinetics of this sample rela-
tive to what would be expected if the grain growth had not
occurred.

V. CONCLUSIONS

In situ synchrotron radiation was successfully used to
track the interdiffusion of Au and Cu during annealing of
thin films at 700–900 °C. The difference in the lattice pa-
rameters of these two elements allowed the diffraction peaks
of each element to be tracked as a function of annealing time.

At short annealing times ��60 s� the Cu diffused rapidly
through the 3.8 �m thick Au film. This intermixing was
characterized by a low d-spacing shoulder which developed
on the Au peak and grew with time. Eventually one diffrac-
tion peak was formed as Cu and Au completely intermixed.

The activation energy for interdiffusion was calculated for
the initial state of annealing by measuring the time required
to diffuse Cu through the Au layer of known thickness. This
activation energy was measured to be 65.4 kJ/mole, which is
approximately 0.4� that of bulk diffusion and 0.8� that of
grain boundary diffusion values. The low activation energy is
attributed to the high density of columnar grain boundaries
combined with other defects in the thin film microstructure.

As interdiffusion proceeds, the Au-rich thin film layer be-
gins to interdiffuse into the Cu layer below. Homogenization
of the two layers takes place over long times and can be
tracked as the Au-rich peak monotonically moves to lower d
spacings for times longer than 60 s. The activation energy
for this stage of intermixing was measured to be

FIG. 13. SEM cross section micrograph of the near surface region of the
sample annealed at 700 °C. Kirkendall voids appear in a zone of thickness
similar to that of the initial Au layer.
111 kJ/mole, which is between the reported values for grain
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boundary and bulk diffusion. This change in activation en-
ergy is believed to be related to grain growth, which would
reduce the amount of grain boundary area available for dif-
fusion, and to the gradual elimination of other defects in the
thin films.
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