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Abstract

On the basis of the available thermodynamic parameters and experimental data of tracer diffusivity, intrinsic diffusivity and chemical diffusivity
in the Cu—Ni binary system, the atomic mobilities of Cu and Ni in face-centered cubic (fcc) Cu—Ni alloys have been assessed as a function of
temperature and composition using the CALPHAD approach and DICTRA software package. Comparisons between the calculated and measured
diffusion coefficients show that most of the experimental information can be reproduced satisfactorily in the present work. The obtained mobility
parameters can also predict reasonably the concentration profiles of the diffusion zone in binary Cu—Ni diffusion couple.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The Cu/Ni thin films have been used widely as an
integral part of multilayer metallization on semiconductor
chips and packages in the electronic industry [1-3]. Due
to the miniaturization of modern devices and their stringent
operating conditions, thin films governing the reliability
of electronic packaging are becoming more critical than
ever before. Microstructure evolution which results from the
interdiffusion of elements across the interface between thin
films during packaging and/or subsequent service of electronic
devices may have significant influence on mechanical and
electrical properties of electronic devices such as conductivity,
bonding strength and adhesion [4-6]. Understanding better
interdiffusion between thin films may help us to control the
interfacial microstructure evolution and thus to predict the
lifetime of electronic devices.

The software, DICTRA (DIffusion Controlled TR Ansforma-
tion), has been developed to simulate and predict microstruc-
ture evolution, which is an extension of the CALPHAD ap-
proach and operates under the CALPHAD framework [7-11].
This software is capable of applying thermodynamic and diffu-
sion data to model diffusion-limited phenomena for multicom-
ponent alloys. In this software, many material parameters such
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as thermodynamic and diffusion data must be involved. As a
consequence, adequately accurate diffusion data are required
during the simulation of microstructure evolution. The present
work is to assess the atomic mobilities in face-centered cubic
(fcc) Cu-Ni alloys through the DICTRA software package and
thus to provide insight into diffusion characteristic with sim-
ulation of diffusion profiles by applying the assessed mobility
parameters.

2. Experimental information

Extensive experimental investigations have been performed
on diffusion phenomena in the Cu-Ni binary alloys. The se-
lection of experimental data to assess atomic mobility depends
mainly on whether the data from different investigations agree
with each other or not. In Table 1, the experimental data that
was selected in the present optimization has been listed.

Several investigations [12—-14] have been performed to
measure the impurity diffusion coefficients of Cu in pure
Ni. Using the thin film technique and microprobe analysis,
Helfmeier and Kniepmeier [12] have measured the impurity
diffusion coefficients of Cu in pure Ni in the temperature range
between 1048 and 1323 K. Helfmeier [13] has determined
the impurity diffusion coefficients of Cu in pure Ni in the
temperature range between 1014 and 1273 K through the
microprobe analyzer to measure the Cu concentration gradient.
Taguchi et al. [14] have employed the atomic absorption
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Table 1
Experimental diffusion data selected in the present optimization

Diffusion data Method

Reference

Impurity diffusion coefficients

Tracer diffusion coefficients

Intrinsic diffusion coefficients -

Foil method

Diffusion couple method

Interdiffusion coefficients Foil method

Diffusion couple method

Microprobe analysis
Microprobe analysis
Atomic absorption analysis

Residual activity technique
Lathe sectioning technique
Lathe sectioning technique
Lathe sectioning method
Lathe sectioning method
Lathe sectioning method

Helfmeier and Kniepmeier [12]
Helfmeier [13]
Taguchi et al. [14]

Anand et al. [15]

Monma et al. [16]

Anusavice and DeHoff [17]
Ikushima [18]

Mackliet [19]

Anusavice et al. [20]
Damkohler and Heumann [21]

Damkohler and Heumann [21]
Levasseur and Philibert [22]
Heumann and Grundhoff [23]
Iijima et al. [24]

Heumann and Grundhoff [23]
Tijima et al. [24]

analysis to determine the impurity diffusion coefficients of Cu
in pure Ni in the temperature range between 1080 and 1613 K.
The impurity diffusion coefficients of Cu in pure Ni reported
by [12-14] are compatible and have been employed in the
present optimization.

The tracer diffusion coefficients of Cu and Ni in various
Cu-Ni alloys have been reported by several authors [15-21].
Using Cu® as a tracing element and applying the residual
activity technique, Anand et al. [15] have determined the tracer
diffusion coefficients of Cu in pure Ni for the temperature
range 1123-1323 K. The tracer diffusion coefficients of Cu
and Ni in various Cu—Ni alloys have been determined by
Monma et al. [16] using Cu® and Ni® as tracing elements
and applying the lathe sectioning technique in the temperature
range from 1172 to 1340 K. Anusavice and DeHoff [17]
have employed Cu®’ and Ni® as tracing elements and the
lathe sectioning technique to measure the tracer diffusion
coefficients of Cu and Ni in various Cu-Ni alloys in the
temperature range between 1128 and 1328 K. Ikushima [18]
and Mackliet [19] have investigated respectively the tracer
diffusion coefficients of Ni in pure Cu using Ni® as a tracing
element and applying the lathe sectioning method in the
different temperature ranges. However, Anusavice et al. [20]
have used Ni® as a tracing element and the lathe sectioning
method to measure the tracer diffusion coefficients of Ni in
pure Cu in the temperature range from about 1128 to 1328 K.
Additionally, Damkohler and Heumann [21] have determined
tracer diffusion coefficients of Cu and Ni in various Cu-Ni
alloys using Cu® and Ni%7 as tracing elements at 1273 K.
Experimental data about tracer diffusion coefficients mentioned
above [15-21] are consistent and thus have been taken into
account in the present optimization.

Intrinsic diffusion coefficients and interdiffusion coefficients
in the Cu-Ni alloys have also been investigated by
several authors [21-24]. Damkohler and Heumann [21] have
determined intrinsic diffusion coefficients of Cu and Ni
for Cu-rich Cu-Ni alloys up to 20 at% Ni at 1273 K.
Levasseur and Philibert [22] have reported intrinsic diffusion

coefficients of Cu and Ni in the Cu-rich Cu-Ni alloys at
1273 K. Intrinsic diffusion coefficients of Cu and Ni and
interdiffusion coefficients have been measured by Heumann
and Grundhoff [23] with the aid of the foil method over the
complete concentration range at 1273 K. Iijima et al. [24] have
used the diffusion couple method to determine interdiffusion
coefficients and intrinsic diffusion coefficients of Cu and Ni
in the concentration range from 25 to 80 at% Cu at 1273 K.
The measured intrinsic diffusion coefficients and interdiffusion
coefficients from different sources [21-24] are in reasonable
agreement with each other within experimental error and have
also been adopted in the present optimization.

3. Modeling of atomic mobility

The temporal profile of the diffusing species k is given by
the Fick’s law in the mass conservation form as follows:

0Cx
at

where Cj; is the concentration in moles per volume, and
div denotes the divergence operator. The diffusional flux of
the species, Ji, in a multicomponent system is given by the
Fick—Onsager law as:

= —div(Jy) (D

n—1
Ji == D}VC; 2)
=1

D,'('j is the chemical diffusion coefficient. The summation is
performed over (n — 1) independent concentrations as the
dependent n component may be taken as the solvent. D,’(’j in
a substitutional solution phase which is given by the following
expression [8,25]:

o 3Mi> 3)

D}, = (bir — xx)xi M; <— -
kj lZ i [RY ax]' 9%,

where §;; is the Kronecker delta (8;; = 1 if i = k, otherwise
Six = 0), x; the mole fraction, w; the chemical potential of
element i and M; the composition dependent atomic mobility.
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From the absolute-rate theory arguments, the mobility
parameters M; for the element i, can be divided into a frequency
factor MI.O and an activation enthalpy Q;. According to the
suggestion by Jonsson [25,26], the M; can be expressed as:

RT In M —0;
M; = exp (T’ exp <R—%) % &0 4
where R is the gas constant, T the temperature, and "8 is a
factor taking into account a ferromagnetic contribution to the
diffusion. Both M? and Q; are temperature, composition and
pressure dependent factors. Because the ferromagnetic effect
for fcc phase can be ignored [27], combining RT In M IQ and Q;

into one parameter AGY = RTInM? — Q;, Eq. (4) can be
simplified to as:

AGHY 1
RT ) RT"

M; = exp ( ®))

Similar to the phenomenological CALPHAD approach,
Andersson and Agren [8] suggested that the parameter AG?Y
should be assumed as a function of composition, which can
be expressed by a Redlich—Kister polynomial [28]. For the fcc
Cu-Ni alloys, AG? is given as follows:

AG;k = xCuAGlCu + xNiAG?“

n
) ~Cu,Ni i
+xcurni 3 AV GIN (xoy — 1) (6)
j=0
where A Y )Gicu’Niis the interaction term for diffusion between

Cu and Ni. It is seen that M; can be obtained through the
available AG7.

Assuming the mono-vacancy atomic exchange as the main
diffusion mechanism, the tracer diffusivity D} can be related to
the atomic mobility M; by the Einstein’s relation:

D} = RTM;. (7

In a binary system, the tracer diffusivity D} can be applied

to calculate chemical diffusion coefficient D by Darken’s
equation [29]:

D = (xp D} +xaD})o ®)
where ¢ is the thermodynamic factor, and can be expressed as:

dIn dln xaxp d2G
b=1+ VA=1+ VBZAB

dInxa dInxp RT dx?

where xp and xp are mole fractions of components A and
B, respectively, yao and yp are the activity coefficients of
components A and B, R is the gas constant and T is the
temperature.

€))

4. Results and discussion

In order to calculate the thermodynamic factor (¢)
during the assessment of mobility parameters, thermodynamic
parameters for the fcc phase in the Cu-Ni binary system
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Fig. 1. Calculated thermodynamic factor (¢) of the fcc phase in the Cu—Ni
binary system at 1273 K using the data from Mey [30].
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Fig. 2. Temperature dependence of self-diffusion coefficients of Cu calculated
by Ghosh [31] and Kozeschnik [32].
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Table 2
Mobility parameters of the Cu—Ni binary system for the face-centered cubic
Cu-Ni alloys

Mobility Parameters Reference

Mobility of Cu AGE! = —205872 — 82.5 x T [31]
AGN = 250125 -853 x T This work
A0GEMN = 123887 — 177 x T

Mobility of Ni AGR! = —287000 — 69.8 x T [33]
AGQY = —232788 = 711 x T This work

206N = 4106790 — 75.4 x T

are necessary, which were taken directly from Mey [30].
Using these parameters, Fig. 1 presented the calculated
thermodynamic factor (¢) of the fcc phase at 1273 K.
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Fig. 3. Calculated temperature dependence of self-diffusion coefficients of Ni
calculated by Jonsson [33].
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Fig. 4. Comparison between calculated temperature dependence of Cu tracer
diffusion coefficients and experimental data [12—-16] in pure Ni.

Ghosh [31] and Kozeschnik [32] have optimized the
mobility parameters of Cu on the basis of experimental
information on self-diffusivity of Cu. Fig. 2 shows the
calculated temperature dependence of self-diffusivity of Cu.
It is evident that the results calculated by Ghosh [31] and
Kozeschnik [32] are in good agreement with each other.
Furthermore, according to the available experimental data on
the self-diffusivity of Ni, the mobility parameters of Ni have
been assessed well by Jonsson [33], which can reproduce most
of experimental data and are reasonable and self-consistent with
extrapolation of high-order related systems. The temperature
dependence of self-diffusivity of Ni calculated by Jonsson [33]
has been illustrated in Fig. 3. Therefore the mobility parameters
of Cu and Ni by Ghosh [31] and Jonsson [33] were adopted
respectively in the present work.

All the optimizations for the atomic mobilities have
been carried out in the PARROT module of the DICTRA

-12.0 ! . . L
Monma et al. 1964
A X(Cu) =0.15

-12.5 - M X(Cu)=0.50 +
" < X(Cu) =0.80
&
E_ -13.0 -
=)
U..
< 135 -
o
(]
L
5
@ —14.0+ -
O
a

-14.5 - -

-15.0 T T T T T T

@ 6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5

10000/T, K

Fig. 5. Calculated temperature dependence of Cu tracer diffusion coefficients
in comparison with experimental data [16] in various Cu—Ni alloys.
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Fig. 6. Calculated temperature dependence of Cu tracer diffusion coefficients
in comparison with experimental data [17] in various Cu—Ni alloys.

software package [9,11]. Experimental data of tracer diffusion
coefficients, intrinsic diffusion coefficients and interdiffusion
coefficients have been employed to assess the mobility
parameters of Cu and Ni for face-centered cubic Cu—Ni
alloys. The mobility parameters obtained finally in the present
work were listed in Table 2. However, note the temperature
limits of the mobility parameters because all the experimental
information used in the present optimization has been obtained
at high temperatures (1000 K).

Fig. 4 illustrates the calculated temperature dependence
of Cu tracer diffusion coefficients in pure Ni compared
with experimental data [12-16]. The calculated values are in
good accordance with experimental data reported by Taguchi
et al. [14], Anand et al. [15] and Monma et al. [16], whereas a
small difference exists between the measured data by Helfmeier
and Kniepmeier [12] and Helfmeier [13] and the calculated
values in the present work. Nevertheless, the calculated results
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Fig. 7. Comparison of calculated temperature dependence of Ni tracer
diffusion coefficients with experimental data [16-20] in pure Cu.
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Fig. 8. Calculated temperature dependence of Ni tracer diffusion coefficients
compared with experimental data [16] in various Cu—Ni alloys.

are still acceptable within experimental error. Comparisons
between the calculated temperature dependence of Cu tracer
diffusion coefficients in various Cu—Ni alloys and experimental
data [16,17] were presented in Figs. 5 and 6. As can be seen
(Figs. 5 and 6), the calculated results reproduce satisfactorily
experimental data reported by Monma et al. [16] and Anusavice
and DeHoff [17]. Fig. 7 shows the calculated temperature
dependence of Ni tracer diffusion coefficients in pure Cu
together with experimental data [16-20]. The calculated values
are in excellent agreement with experimental data reported by
Monma et al. [16], Anusavice and DeHoff [17], Ikushima [18],
Mackliet [19] and Anusavice et al. [20]. Figs. 8 and 9 compared
the calculated temperature dependence of Ni tracer diffusion
coefficients in various Cu—Ni alloys with experimental data [16,
17]. It is evident that the calculated results in this work agree
with the measured values by Monma et al. [16] and Anusavice
and DeHoff [17]. In addition, Fig. 10 shows the calculated
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Fig. 9. Calculated temperature dependence of Ni tracer diffusion coefficients
compared with experimental data [17] in various Cu—Ni alloys.

Damkohler et al. 1982
A Cu r
O Ni

£ 1304
£
5 1321
UI
(&]
L 1344
'_
[
8
9 —136-

-13.8 1

-14.0 T T T T \
@ 0 0.05 0.10 0.15 0.20 0.25 0.30

MOLE_FRACTION Ni

Fig. 10. Comparison of calculated tracer diffusion coefficients of Cu and Ni
with experimental data [21] at 1273 K.

composition dependence of tracer diffusion coefficients for
Cu and Ni compared with experimental data determined by
Damkohler and Heumann [21] at 1273 K. The calculated
tracer diffusion coefficients of Ni are in reasonable agreement
with experimental data, while the calculated tracer diffusion
coefficients of Cu show a small discrepancy. However, when
considering experimental error, the calculated results in this
work are still reasonable and acceptable.

Figs. 11 and 12 illustrates the calculated intrinsic diffusion
coefficients of Cu and Ni compared with experimental data
[21-24] at 1273 K, respectively. From Fig. 11, the calculated
intrinsic diffusion coefficients of Cu are in accordance with
experimental data measured by Damkohler and Heumann [21],
Heumann and Grundhoff [23] and lijima et al. [24] in the
whole concentration range, but show a small discrepancy in
the Cu-rich side compared with experimental data reported by
Levasseur and Philibert [22]. Moreover, this problem is also
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Fig. 11. Comparison between calculated intrinsic diffusion coefficients of Cu
and experimental data [21-24] at 1273 K.
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Fig. 12. Comparison between calculated intrinsic diffusion coefficients of Ni
and experimental data [21-24] at 1273 K.

found in Fig. 12. Meanwhile, the calculated intrinsic diffusion
coefficients of Ni deviate with experimental data measured by
Damkohler and Heumann [21], Heumann and Grundhoff [23]
and [ijima et al. [24] in the Ni-rich side. Fig. 13 compared the
calculated interdiffusion coefficients and experimental data [23,
24] at 1273 K. The calculated values agree with the data
obtained by Heumann and Grundhoff [23], but show a little
deviation with the data reported by lijima et al. [24] in the Cu-
rich side. The reason has been explained by lijima et al. [24],
who indicated that interdiffusion coefficients are apparently
high in the Cu-rich side because of the formation of large
Kirkendall voids.

The concentration profiles in the Cu/Ni diffusion couples
were further modeled using the optimized mobility parameters
through the DICTRA software package [9—11]. As shown in
Fig. 14, the calculated results are in excellent agreement with
experimental data at 1273 K for 150 h by Heumann and
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Fig. 13. Calculated interdiffusion coefficients compared with experimental
data [23,24] at 1273 K.
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Fig. 14. Calculated concentration profiles of the binary Cu—Ni diffusion couple
at 1273 K for 150 h together with experimental data [23].

Grundhoff [23]. This confirms the validity of the mobility
parameters obtained in the present assessment.

5. Conclusions

Combining the available thermodynamic and diffusion
data with the CALPHAD approach, the atomic mobilities
of Cu and Ni in face-centered cubic Cu-Ni alloys as a
function of temperature and composition have been assessed
using the DICTRA software package. The optimized mobility
parameters can be employed to reproduce satisfactorily most
of the experimental information on the measured diffusion
coefficients in face-centered cubic Cu-Ni alloys and the
concentration profiles for the Cu/Ni diffusion couple with
reasonable accuracy can be predicted as well.
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