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Abstract: Immiscible Cu—W alloy thin films were prepared using dual-target magnetron sputtering deposition process. The structure
evolution of Cu—W thin films during preparation was investigated by X-ray diffraction, transmission electron microscopy and high
resolution transmission electron microscopy. In the initial stage of dual-target magnetron sputtering deposition process, an amorphous
phase formed; then it crystallized and the analogy spinodal structure formed due to the bombardment of the sputtered particles during
sputtering deposition process, the surface structure of the film without the bombardment of the sputtered particles was the amorphous
one, the distribution of the crystalline and amorphous phase showed layer structure. The solid solubility with the analogy spinodal
structure was calculated using the Vegard law. For Cu—13.7%W (mole fraction) film, its structure was composed of Cu—11%W
solution, Cu—37%W solution and pure Cu; for Cu—14.3%W film, it was composed of Cu—15%W solution, Cu—38%W solution, and
pure Cu; for Cu—18.1%W film, it was composed of Cu—19%W solution, Cu—36% W solution and pure Cu.
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1 Introduction

Metastable Cu—W alloys have been formed by
non-equilibrium techniques such as ball milling [1-3],
irradiation [4], sputtering decomposition [5—8], and
simultaneous electron beam evaporation [9]. The
microstructure of the Cu—W alloy films has been studied
[5,6]. Cu—W films formed by deposition of alternating
Cu—W nano multilayers were normally amorphous and
have been transformed to metastable solid solutions after
ion beam irradiation [10,11]. Cu—W films formed by
co-deposition of Cu and W were metastable solid
solutions or combinations of a solid solution and an
amorphous phase. For example, RADI'C [5] prepared
amorphous Cu—-W co-sputtering
deposition technique, whose content of W is from 25%
to 66% (mole fraction, the same below if not mentioned)
[5]. RIZZO et al [6] reported that the initial amorphous
Cu—W phase transformed to a BCC structure phase
through a polymorphic transformation, with the stability
of the amorphous Cu—W phase being very sensitive to
deposition parameters and heat treatment. The Cu—W

alloys using a

thin film with micron-thickness has been widely applied
as electronic packaging, wear and corrosion resistance,
and diffusion barrier materials due to its specific
properties. Its properties were closely connected with the
composition and structure [12,13]. RIZZO et al [6]
pointed out that the Knoop micro-hardness of the Cu—W
thin film increased linearly with the increase of W
content, and the micro-hardness of crystalline Cu(W)
solid solution was higher than that of the amorphous
phase with the same W content. The Knoop
micro-hardness of the Cu—11.1%W thin film was up to
582, twice higher that of Cu, and its abrasion resistance
was significantly improved as well [14]. The Knoop
micro-hardness of the Cu(W) thin film decreased linearly
with increasing the Cu content [6], the resistivity of the
crystalline Cu—W solid solution was much lower than
that of the Cu—W amorphous phase [15]. The Cu—W thin
film with amorphous phase or metastable solid solution
during preparation has been reported [5,6,9,14]; however,
fine structures such as the distribution of crystalline and
amorphous structures and composition of solid solutions
in the Cu—W film prepared using dual-target magnetron
sputtering deposition, have not been investigated. In this

Corresponding author: LI Zhou; Tel: +86-731-88830264; Fax: +86-731-88876692; E-mail: lizhou6931@163.com

DOI: 10.1016/S1003-6326(11)61520-3



ZHOU Ling-ping, et al/Trans. Nonferrous Met. Soc. China 22(2012) 2700—2706 2701

work, the Cu—W film with micron-thickness was
prepared using the dual-target magnetron sputtering
deposition, and the structure characteristic and its
evolution during preparing were investigated.

2 Experimental

Cu,,W, films (13.7%=<x<18.1%) were deposited
onto water-cooled substrates by direct-current magnetron
sputtering from tungsten (99.95% purity) and copper
(99.99% purity) targets. The polycrystalline Fe, Cu and
single crystal NaCl substrates were used. The three kinds
of substrates were placed on the sample cooled by water
with 20 °C, and Cu—W thin films were prepared on the
substrates at the same time. Cu—W thin films prepared on
Cu substrate, Fe substrate (to eliminate the influence of
substrate) and NaCl substrate (easily peeled off from the
substrate) were used for the SEM observation, X-ray
diffraction test and TEM observation. Fe and Cu
substrates were cleaned ultrasonically in acetone and
alcohol solution baths in succession and then placed in a
vacuum chamber and cleaned again by Ar" ion beam
with 700 eV/60 mA for 15 min prior to film deposition.
The base vacuum prior to sputtering was less than 5x10°*
Pa and the working pressure was 1 Pa during the
sputtering process. The film thickness approached 5—8
pm as sputtering 100 min.

The microstructure of the films was analyzed by
X-ray diffraction (XRD) using a Siemens D5000, the
section morphology of sample was observed using FEI
Quanta 200 Environmental scanning electron microscope,
the composition of the sample was measured using
EDAX GENESIS 60S X-ray spectrometer. The
microstructure of the thin films was also observed by
TEM and HRTEM. TEM and HRTEM observations
were performed using a JEM 3010 high-resolution
electron microscope.

3 Results

Figure 1 shows the X-ray diffraction spectrum of
the Cu—14.3%W thin film prepared on the Fe-substrate.
The XRD pattern containing crystalline diffraction peaks
superimposed on the top of broad background. This
broad background was associated with amorphous phase.
The structure of the prepared thin film was composed of
crystalline and amorphous phase. In order to detect the
distribution of the mixed two-phase, the section
morphology of Cu—14.3%W thin film prepared on the
Cu-substrate was observed using SEM and the result is
shown in Fig. 2. The morphology of the thin film was the
same as that of Cu-substrate except the surface
morphology of the thin film which was indistinct. To
discover the characteristics of the structure, the

Cu—14.3%W thin film prepared on the NaCl-substrate
was used and the NaCl was removed using alcohol. The
film was either ion-milled from the bottom side (near the
substrate) for the analysis of the microstructure of the
film surface, or ion-milled from the top surface of the
film for the analysis of the microstructure of the film
bottom. The thickness of the TEM sample was about 100
nm. The non-crystalline maybe occurred during
ion-milling process; however, it did not affect the
observing results of the original sample because the
non-crystalline formed by ion-milling was only several
nanometers [16].

40 41 42 43 44 45
20/(%)
Fig. 1 X-ray diffraction spectrum of Cu—14.3%W thin film
prepared on Fe-substrate

Fig. 2 Section morphology of Cu—14.3%W thin film prepared
on Cu-substrate

Figure 3 shows the TEM micrograph and the
corresponding selected-area electron diffraction (SAED)
pattern for Cu—14.3%W film deposited on NaCl-
substrate for 100 min. The sample was taken from the
surface of the film, which was regarded as the initial
stage of sputtering. The SAED result showed only an
amorphous diffraction halo, indicating that the surface
structure of the deposited film was mainly amorphous.
The HRTEM micrograph (Fig. 3(c)) for Cu—14.3%W
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film confirmed that the structure of the film was a
predominantly amorphous matrix. TEM micrograph and
SAED pattern from the bottom of Cu—14.3%W film
deposited on NaCl-substrate for 100 min are shown in
Fig. 4. The SAED result shows a polycrystalline
diffraction ring, indicating that the structure of the
bottom of deposited film is polycrystalline.

Fig. 3 Surface structures of Cu—W film deposited on NaCl-
substrate for 100 min: (a) TEM image; (b) SAED pattern;
(c) HRTEM image

Figure 5 shows the XRD patterns of the Cu;_ W,
alloy films (x=13.7%, 18.1%). The sideband effect
appeared on both sides of the (111) peak of Cu (W) solid

Fig. 4 Bottom structures of Cu—W film deposited on NaCl-
substrate for 100 min: (a) TEM image; (b) HRTEM image;
(c) SAED pattern

solution, which was similar to the diffraction pattern
caused by spinodal decomposition.

4 Discussion

As we know, spinodal decomposition was one of
the way for the decomposition of supersaturated solid
solution, where poverty- and rich-solute atoms areas
form. The sideband effect of X-ray diffraction appeared
on both or one sides of the main peak. The sideband peak
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Fig. 5 X-ray diffraction spectra of Cu;_, W, film deposited for
100 min: (a) x=13.7%; (b) x=18.1%

Table 1 Index results of polycrystalline diffraction ring

2703

can also be clearly found out in Fig. 1, referred as arrows.
It illustrated that the different compositions of solid
solution formed during preparation. The calculated
results of the electron diffraction pattern shown in Fig.
4(c) are listed in Table 1, which confirmed that the
Cu—14.3%W thin film was composed of Cu(W) solid
solutions with different compositions. Diffraction rings
were formed by the fine grains in the Cu (W) solid
solution. The sidebands in XRD and diffraction rings in
SAED illustrated that the analogy spinodal structure
formed in the Cu—W thin film during sputtering
deposition process. The data of X-ray diffraction of
Cu,_,W, alloy films (x=13.7%, 14.3%, 18.1%) are listed
in Table 2. The position of main peak located between
42.987° and 42.631°. Positions of the peaks on the right
side of main peak were all higher 43.295° than that of the
(111)¢y of the Cu—PDF (4-836), and these peaks were
not formed by Cu(W)solid solution because the atom
radius of W was larger than that of Cu. The lattice
parameter and interplanar distance of Cu should expand
if W dissolved in the Cu-matrix. Therefore, the peaks on
the right side of main peaks were formed by pure Cu.
The 260 was higher than that of pure Cu and can be
attributed to the compressive stress formed during
preparation. The main peak and that of the left side of
main peak were formed by Cu (W) solid solution with
different contents of W.

Ring No. Diameter of diffraction ring/cm R/cm d/nm Phase Diffraction peak
1 1.38 0.690 0.2183 Cu(W) solid solution (2) (111)
2 1.42 0.710 0.2121 Cu(W) solid solution (1) (111)
3 1.58 0.790 0.1906 Pure Cu (111)
4 1.80 0.900 0.1673 Pure Cu (200)
5 2.26 1.130 0.1333 Cu(W) solid solution (1) (220)
6 2.59 1.295 0.1163 Cu(W) solid solution (2) 311)
7 2.73 1.365 0.1103 Cu(W) solid solution (1) @311
8 2.85 1.425 0.1057 Pure Cu @311
9 3.20 1.600 0.0941 Cu(W) solid solution (1) (400)
10 3.47 1.735 0.0868 Cu(W) solid solution (2) (331
11 3.55 1.775 0.0848 Cu(W) solid solution (1) (331
12 3.75 1.875 0.0803 Pure Cu (331)

Notice: L=60 cm, V=200 kV, 4=0.00251 nm, k=0.1506 cm; Cu(W)solid solutions (1) and (2) represent solution with 15% and 38% of W, respectively;
Interplanar space expanded due to W saluted in Cu matrix, interplanar space decreased due to compressive stress.

Table 2 Estimated results of solid solubility of Cu—W alloy films with different W contents

Position peak deducted Solubility of W/%
. ° (4
Sample (W% Peak shifting caused by effect of internal force/(°)
(9 . °
No. internal force/(%) Left Main Right Left Main Right
side peak peak sight peak side peak peak sight peak
1 13.7 0.136 41915 42.851 43.295 37 11 0
2 14.3 0.085 41.850 42.721 43.295 38 15
3 18.1 0.057 41.920 42.574 43.295 36 19
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The position change of the diffraction peaks of
Cu—W film was caused by solid solubility and the
internal stress of thin films. The 26 of (111)¢, from the
dual-target magnetron sputtering deposition film was
higher than that in PDF, which can be attributed to the
compressive stress formed during preparation.

In general, the lattice parameter of solid solution
varied with the concentration of solute atoms and obeys
the Vegard law, which can be expressed as follows:

a, =xa, +(1-x)ag (1)

where a, is the lattice parameter of solid solution; aj, is
the lattice parameter of solute A atom; ag is the lattice
parameter of solvent B atom; and x is the concentration
of A atoms in the B(A) solid solution.

The lattice parameters of W should adopt the
parameter of FCC structure as the W atoms replace the
Cu atoms in the Cu (W) solid solution. However, under
normal conditions, the crystal structure of Cu was FCC
and that of W was BCC, and W with FCC structure did
not exist. Different models have been established to
calculate the lattice parameters of W with FCC structure.
The lattice parameters of W with FCC structure have
been calculated using the atomic stacking model, which
was similar to calculating the lattice parameters of Mo
with FCC structure [17], and the results are listed in
Table 3.

Table 3 Lattice parameters of Cu and W with FCC and BCC
crystal structure

PDF Atomic stacking model
Element
FCC BCC FCC BCC
Cu 0.3615 - - 0.2956
w - 0.3165 0.3932 -

In order to estimate the solid solubility using the
Vegard law, the position change of the diffraction peaks
of Cu—W film caused by internal stress should be
deduced. The changing angle of the (111) ¢, in the X-ray
diffraction profile was taken as that caused by the
internal stress and the estimated results are listed in Table
2. Based on the calculated FCC-W lattice parameters, the
relationship between lattice parameter and concentration
of the solute atoms has been established using the Vegard
law, the solid solubility was estimated, and the results are
listed in Table 2. From Table 2, Cu—W films with the
designed W content less than 18.2% formed a mixture of
three kinds of solid solution with different components.
For Cu—W films with the average W content of 13.7%,
the solid solution was composed of Cu(W) solution with
37% of W, Cu(W) solution with 11% W and pure Cu. For
Cu—W films with the average W content of 14.3%, it was
composed of Cu(W) solution with 38% W, Cu(W)
solution with 15% W and pure Cu. For Cu—W films with

the average W content of 18.1%, it was composed of
Cu(W) solution with 36%W, Cu(W) solution with 19%
W and pure Cu.

A negative heat of mixing was generally considered
a necessary condition for the formation of amorphous
materials in solid-state reactions. However, in some
non-equilibrium processes, such as rapid quenching and
sputtering, amorphous alloys can be formed regardless of
positive or negative values of heat of mixing. In an
immiscible system, a thermodynamic driving force can
lead to the interfacial mixing of the clusters of the
constituent elements, as long as the driving force is
greater than the positive heat of mixing of the system.
The Gibbs free energy diagram of the Cu—W multilayer
system established using Miedema’s model gave a
reasonable interpretation; the observed solid-state
alloying was driven by the interfacial energy [18].

In dual-target magnetron sputtering deposition
process, Cu and W atoms or small clusters broke away
from the target and formed clusters during the flight from
the target to the substrate. MA [19] described the
clustering and amorphizing process in immiscible
systems by MD simulation. When these clusters landed
on the substrate, the phase transition can be determined
by their surface diffusivity. At a low substrate
temperature, the atoms or clusters largely
immobilized on the substrate with finite diffusion
distances. These clusters can randomly form islands on
the substrate, leading to an amorphous state. A general
expression used to estimate average diffusion distance of
a deposited atom was [20]

1=(2va/R)"? aexp(-Q, / 2kT) )

were

where v is the vibrational frequency; a is the individual
jump distance; R is the deposition rate, which depends on
the sputter condition; Qs is the activation energy for
surface diffusion; & is the Boltzmann’s constant; and 7 is
the substrate temperature (K). RIZZO et al [6] derived
formulae for estimating the activation energy from the
sublimation energy (AHgy). Qs is 0.24 AHg, for FCC
metals and Q;is 0.33AH,,; for BCC metals, when the
temperature is less than 0.75 of the melting temperature
of the metal. The values of O, estimated using these
formulae for Cu and W were that: Q" =~0.78 eV and
st =~2.94 eV. The average diffusion distances of W
and Cu atoms were estimated to be 10 ' nm and 1 nm,
respectively. In other words, at a low deposition
temperature, surface diffusion of W virtually did not take
place while the Cu atoms can move a short distance.
Therefore, amorphous phases on an atomic or cluster
scale formed at low deposition temperatures. Whereas,
the surface of the deposited film (Fig. 3) was an
amorphous layer embedded with small crystalline phase
regions, the microstructure of the bottom of the deposited
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film was mainly crystalline (Fig. 4). From the
micrograph of Cu—W film deposited for 100 min, it can
be deduced that the structure of the initial film on the
substrate was amorphous and gradually transformed into
a metastable solution during the deposition process. The
transformation from amorphous to metastable solution
was due to the additional energy provided by the
continuous magnetic sputtering.

During dual-target magnetron sputtering deposition
process, the atoms in the initially amorphous phase can
gain extra energy due to the bombardment of the
subsequent sputtering particles generated by further
magnetic sputtering. The mobility of the atoms in the
amorphous phase was improved. Nuclei for
crystallization were easier to form, leading to
crystallization of the pre-deposited amorphous layer.
MIEDEMA et al [21] reported that the heat of solution of
Cu in W was +86 kJ/mol (0.89 eV) and the heat of
solution of W in Cu was +107 kJ/mol (1.11 eV). During
the sputtering process, the kinetic energy of the sputtered
particles (clusters or atoms) was about 10 eV [22,23],
which is much higher than the heat of solution between
Cu and W. The kinetic energy of the sputtering particles
is sufficient to overcome the heat of solution and the
formation of a solution of the two metals can readily take
place. The initially amorphous Cu—W phase in the
bottom of the deposited film therefore crystallized, and
the initially amorphous Cu—W phase transformed into
solid solution with different W contents due to the
diffusion of Cu atoms. The average diffusion distances of
W- and Cu-atom were estimated to be 10 '° nm and 1 nm,
respectively. The W atoms almost fixed and the Cu
atoms shortly diffused due to the bombardment of the
subsequent sputtering particles generated by further
magnetic sputtering. The Cu-crystal with FCC structure
was formed owing to its short distance diffusion. Cu
atoms moved around W atoms or W atoms cluster into
their positions of FCC stacking structure, and formed the
substitutional solid solution. Cu atoms and W atoms
could not be evenly mixed at the atomic level, therefore,
analogy spinodal structure of the solid solution with
different W contents deformed. The surface region of the
film, however, had not been subjected to sufficient
bombardment of the sputtering particles. Therefore, it
remained amorphous.

5 Conclusions

1) Immiscible Cu—W alloy thin films were prepared
using dual-target magnetron sputtering deposition
process. The structure of the prepared thin film is
composed of crystalline and amorphous phase. The
distribution of the crystalline and amorphous phase
shows the layer structure.

2) In the dual-target magnetron sputtering
deposition process, the Cu and W atoms or clusters
deposited on the substrate first form an amorphous phase,
then crystallize by the bombardment of the post-
sputtering energetic particles, and form the analogous
spinodal structure. The surface region of the film remains
amorphous because of no further bombardment.

3) The solid solubility was calculated using the
Vegard law. For Cu—W film with W content of 13.7%, it
is composed of Cu( W) solution with 11% W, Cu( W)
solution with 37% W and pure Cu; for Cu—W film with
W content of 14.3%, it is composed of Cu(W) solution
with 15% W, Cu(W) solution with 38% W and pure Cu;
for Cu—W film with the W content of 18.1%, it is
composed of Cu(W) solution with 19% W, Cu(W)
solution with 36% W and pure Cu.
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