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Pure W and W-Cu-W trilayer coatings were deposited on an Fe substrate by d.c. magnetron sputtering. The
a — 3 phase evolution, intragranular stress evolution in sputter-deposited W layer were investigated by x-ray diffraction.
They are directly related to the film microstructure, density and adhesion. Therefore, control of the film stress and
phase component transition is essential for its applications. The phase component transition from 3-W to a-W and
intragranular stress evolution from tensile to compressive strongly depend on the deposition parameters and can be

induced by lowering Ar pressure and rising target power. The compressively stressed films with a-W phase have a dense
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microstructure and high adhesion to Fe substrate.
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1. Introduction

W coatings have important applications in many

[1-3]

fields, like microelectronics, high temperature

shielding,[* armour as plasma and nuclear-interaction

[5=71 W-Cu is an attractive candidate

components.
material for the heat-sink as well as armour. However,
densification in microstructure and improved mechan-

ical properties remain required for the applications.

There are two crystalline phases of W:® thermo-
dynamically stable a-W and metastable 8-W phase.
a-W phase has a body-centred-cubic (bcc) structure
and a higher density (19.3 g.cm™3); whereas 3-W
phase, of W30 or W3W type, has an A15 primitive
cubic structure and a lower density (14.6g-cm™3). The
(-W phase is usually stabilized by oxygen impurities.
This oxygen incorporation results in volume variation
of the film, which certainly induces low density, worse
adhesion and other bad mechanical properties. So,

control of the 8 phase nucleation is essential for as-
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suring required thin film properties. Ligot et al and
Villain et al [2® have investigated the microstructure,
a — [ phase transition and residual stress in tung-
sten films on polyimide and obtained some valuable
results. Wang and Wang et al [ reported a dense W-
Cu multilayer coating deposited on Fe substrate by

magnetron sputtering.

The intrinsic stress is another important factor
for film mechanical properties, which comes from
lattice mismatch, impurities, grain boundaries and
other defects.

sition of sputter- deposited metal films as a func-

The tensile-compressive stress tran-

tion of sputtering gas pressure was studied by Thorn-
ton and Hoffman.'®) The development of compressive
stress is attributed to high energy bombardment of
the growing film due to an “atomic peening” pro-
cess. The stress transition is a function of the pres-
sure and target/substrate distance. In the sputter-
deposition process, the atomic peening effect can be

enhanced/reduced by two means:''] (1) by increas-
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ing/decreasing the number of incident energetic parti-
cles ( the energetic ion or neutral flux j), or (2) by in-
creasing/decreasing the incident energy, £ of the inci-
dent particles. Under the assumption of atomic peen-
ing, Windischmann('? has suggested the compressive
stress o

o x j€ /2,

Thus the film stress can be controlled by control-
ling deposition flux and energy, which can be changed
by varying target power and sputtering pressure.

In the present investigation, direct current (DC)
magnetron sputtering was employed to prepare W or
W-Cu—W coatings on Fe substrates. The a — 3 phase
transition and state of residual stress in the films
were investigated by x-ray diffraction, accompanied
by SEM observation, Rutherford backscattering spec-
troscopy (RBS) measurement and scotch test, as a
function of the sputtering gas pressure P, and target

power P.
2.Experiment

A magnetron sputtering system (APRIM VIDE)
with three independent DC planar magnetron targets
was used to sputter W and Cu (one target being idle),
which had also been described in Ref.[9]. The target
disc diameter is 100 mm and the square substrate has
an area of 100x100 mm?. The target to substrate dis-
tance is kept fixed at 9cm for each deposition run.
The base ultrahigh vacauum (UHV) in the deposition
chamber was maintained below 1075 Pa by a turbo
molecular pump (ATP900, ALCATEL). The Fe sub-
strate, after a treatment of ultrasonic pre-cleaning in
acetone solution, was UHV transferred into the sput-
tering vacuum chamber. Prior to the deposition, the
targets were pre-sputtered for a few minutes to remove
any contamination on the surface.

A Philip’s X’Pert Pro XRD (PW1830 generator
and PW3020 goniometer) equipment using CuK « ra-
diation (A=1.541837 A) at 40kV / 30mA was used
for crystal structure analysis. The scanning step was
0.04° and scanning time for every step was 2.5s. The
26 scanning range was from 32° to 60° or extend to 68°
in a continuous scanning mode. Surface morphology
and film thickness were measured by scanning elec-
tron microscopy (SEM) (using Hitachi: S-4200 instru-
ment). The film density were assessed by RBS us-
ing 2.0 MeV *He? ions in a van de Graaff accelerator.

Film adhesion was evaluated by scotch test.

3. Results and discussion

There are 10 kinds of samples with either W sin-
gle layer or W—Cu-W trilayer structure, denoted by
No.1-9, prepared by d.c. magnetron sputtering with
different deposition parameters, which were shown in
Table 1. The sample No.5* has the same W-layer as
the sample No.5 and an addition of the Cu layer sand-
wiched between two W-layers. The cross sectional
SEM images of W single layer and W—Cu—W trilayer
films are shown in Fig.1(a, b). At first, pure W coat-
ings were deposited on Fe substrates by changing Ar
pressure from 0.2 Pa to 2.5 Pa and fixing target power
at 500 W. The XRD patterns of 4 kinds of samples
(corresponding to No.1, 3, 5, 7) are shown in Fig.2.
From JCPDF card (No. 04-806) using CuK« radia-
tion, a-W has only two x-ray diffraction peaks in the
range from 20=32° to 60°: 20 =40.262 (110), 58.272
(200); whereas 3-W has three peaks: 26=35.525 (200),
39.885 ( 210), 43.880 (211) from JCPDF card (No.47—
1319). Fe, as substrate material, belongs to bcc lattice
type and has two XRD peaks: 260=44.675 (110) and
65.026 (200) in the 20 scanning range. The strongest
peaks of a-W and (-W always overlap, and fortu-
nately a-W has a peak at 20=58.3° and $-W has a
peak at 20=35.5° by which we can distinguish the
phases. As seen in Fig.2, the samples No.1 and No.3
have mixed a-W and (3-W phases and No.5 and No.7
show pure a-W phase. With lowering Ar pressure,
B — a phase component transition occurs in the Ar
pressure range from 1.5 Pa to 1.0 Pa, independent of
the thickness, while the sputtering power on the tung-
sten target is 500 W. Villain et al 8! reported that pure
a-W phase was found in the 600 nm films on polyimide
substrates and co-existence of a-W and 3-W phases
happened in 200 nm films. However. in our experi-
ments, the a-W phase formation on Fe substrates is
much dependent on the deposition parameters, but
not film thickness. Fig.3 shows the XRD patterns of
the samples in W/Cu/W trilayer structure on Fe sub-
strates with changing target power and film thickness
and keeping the constant sputtering pressure (1.0 Pa),
which correspond to samples No.4 and No.5*. It can
be seen that for the sample No.4 a higher peak (200) of
B-W phase occurs with lower target power (200 W),
despite the W-layer thickness is 600 nm. We know
that 8 phase formation is favoured by a weak energy
of incident particles and a low deposition rate, accom-
panied by oxygen incorporation, which correspond to
high Ar pressure and low target power. On the con-

trary, with higher target power (500 W), a pure a-W
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phase exists in a 285 nm W-layer which was displayed

in the sample No.5* and No.5.

Table 1. Deposition parameters of 10 kinds of samples and the shift (A 260) of the XRD peak positions from their

standard values of W or W-Cu coatings with changing target power and Ar pressure.

sample dep. para. W-layer A(20) = (260 —260)/(°)
number | (power, pressure) thickness/nm  [-W(200) (35.525) «a-W(110) (40.262) Cu(111) (43.317) Fe(110) (44.675)
01 500, 2.5 970 —-0.052 -0.024 - 0
02 500, 2.0 470 +0.028 40.070 +0.001 0
03 500, 1.5 1000 +0.004 +0.009 - 0
04 200, 1.0 600 +0.040 +0.086 +0.019 0
05 500, 1.0 285 +0.027 - 0
05* 500, 1.0 285 +0.027 40.090 0
06 500, 0.5 297 —0.040 4-0.007 0
07 500, 0.2 400 -0.235 - 0
08 700, 0.2 285 -0.226 40.047 0
09 750, 0.15 1152 —0.204 - 0
- spm (@) FWHM of (110) (26=40.262) peak by Scherrer’s equa-

Fig.1. SEM cross sectional images of W and W—Cu coat-
ings ((a): pure W single layer; (b): W—Cu-W trilayer).

On the other hand, it was found from the XRD
patterns, taken under the same condition, as shown
in Fig.2 and Fig.3, that the relative peak (110) in-
tensity for a-W phase increased greatly when pure
a phase was formed, which means good crystalliza-
tion and increasing content of a-W phase. With the
formation of 3 phase, the relative peak intensities de-
creased obviously. From the peak shape, we cannot
find apparent correlation between the full width at
half maximum (FWHM) of the peaks and the deposi-
tion parameters, but the a-W peak indicates greater
broadening of FWHM and the highest relative inten-
sity only when the Ar pressure is lower than 0.2 Pa,
which is seen in Fig.2 (sample No.7). The mean

crystalline size is estimated to be 20 nm using the

tion: d=0.89)/Bcosf.
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Fig.2. XRD patterns of pure W coatings on Fe sub-
strates with changing Ar pressure and fixed target

power (500 W) (No.l: 2.5Pa; No.3: 1.5Pa; No.5:
1.0 Pa; No.7: 0.2 Pa).
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Fig.3. XRD patterns of W-Cu-W multilayer coat-
ings on Fe substrates with changing target power, film
thickness and fixed Ar pressure (1.0 Pa) (No.4: 200 W,
600 nm; No.5*: 500 W, 285nm).
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The surface morphology was observed by SEM. Fig.4
shows the different W-surface morphology under the
different Ar pressure and the finer grains and denser
The
crystal size of about 25 nm by SEM observation
Rutherford

microstructure were formed at lower pressure.

is in agreement with the XRD results.

backscattering spectroscopy (RBS) and scotch tests
verified that the W-coatings prepared using lower
pressure and higher target power have a high density
close to its bulk density and excellent adhesion, which

has been reported in a previous paper.!”!

Fig.4. Comparison of W surface microstructure observed by SEM showing finer grains and
dense structure formed with lower Ar pressure (No.1: 500 W, 2.5 Pa; No.7: 500 W, 0.2 Pa).

XRD patterns show also the difference in the d-
spacing of diffraction planes with variable deposition
parameters. This can be explained qualitatively by
the change of the intragranular stress in the films. An

estimate of the sum of principal stresses in the film

was made via the simplified well-known formula:*?!
E¢ (dpw —
Ao = Bt (dni do ,
vf d()

where vy and Ef are Poisson’s ratio and Young’s mod-
ulus, respectively, of the film. dpi; and dy are the in-
terplanar (hkl) spacing of the stressed and unstressed
films. Because of the complexity of the stress deter-
mination, mainly due to the polycrystalline nature of
the samples, this simple approach merely gives an idea
of the magnitude of the stresses in the films. A sim-
ple biaxial residual stress in the plane of the film is
hereby assumed. This assumption is valid since the
samples are partially or fully stabilized in a cubic lat-
tice. Therefore, it is assumed that any shear stress
or stress profiles are negligible. When the diffraction
peak (110) of the substrate Fe was assumed to be
fixed, by which the zero-shift can be calibrated, the
shift of 20 from a-W, 8-W and Cu standard peaks

can be observed, as shown in Table 1. Ten kinds of
samples from No. 1 to 9 were analysed with different
W layer thickness, variable target power and Ar pres-
sure. Apparently the XRD peak position shift A(26)
of a-W has an evolution from moving to larger 26 an-
gle (+A4) to moving to smaller angle (—A), relative to
their standard value from JCPDF card, when lowering
Ar pressure or increasing target power. Only there is
exception for the sample No.1, for which the reason
is not clear. This implies an evolution from tensile
stress (+0) to compressive stress (—o), whereas the
260 shift of Cu peaks always remains positive, which
means that there always exists tensile stress in the Cu
layer despite the changing target power and pressure,
the B-W phase is mostly under tensile stress, except
for the deposition conditions of overhigh pressure. The
tensile-stressed films indicate the presence of voids in
the films. This kind of defect tends to shrink the film
due to the high surface tension of the inner surface of
the voids, as a result, the tensile stress is generated.*4
The voids must be related to oxygen, and thus 8-W.
This is in agreement with the phase analysis by XRD.

So the tensile stress is due to 8-W phase formed un-
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der higher Ar pressure and lower target power. Using

Bragg’s equation, 2dsinf= n\, we obtain:
Ad = —d ctg 0A0.

For a-W, lattice constant a=3.165A, d=2.238A
and 6=20.13° for its maximum XRD peak (110), thus
Ad=-6.109 Af. As a result, it was found that the
XRD peaks generally shift to larger d-spacing with
decreasing sputtering pressure, which is in agreement
with most reports, such as Refs.[8, 9, 15]. Film ad-
hesion is closely related to intrinsic stress. By scotch
test, the lower the pressure, the stronger the film ad-
hesion on the Fe substrate. Lowering Ar pressure
means to increase the high energy deposition, and
high-energy deposition creates compressive residual
stress by atomic peening.['®! In contrast, with tensile
stress, the adhesion is not so good. On the other hand,
film density measurement by RBS shows that, with
high target power and low Ar pressure, the W film
has higher density. This has been discussed in detail
in a separated paper.['”] High target power would in-
crease the sputtering rate and thus deposition rate.
Shen!' reported that a MoN,, film contains a dense

microstructure which is responsible for the observed

compressive stress at lower sputtering pressure, which

is in agreement with our results.
4. Conclusion

For W coatings, the control of phase component
transition from B-W to a-W and film stress are impor-
tant for the coating density and coating adhesion. By
x-ray diffraction, we observed the phase component
transition and stress evolution resulting from chang-
ing deposition parameters in a d.c. magnetron sput-
tering deposition process. Gaining higher density a-W
phase and compressive stress with lower Ar working
pressure and higher target power is responsible for the
high density coating and good adhesion. These tran-
sitions were discussed from the view point of film mi-

crostructure and deposition process.
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