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1. Introduction

Transition metal films are interesting materials in view of the possi-
bility of growing functional coatings with tailored properties [1,2].
Among these, tungsten (W) and W-based alloyed thin films possess
many attractive properties, such as high melting temperature, high
mechanical strength, and good metal barrier performance, and thus
have potential applications in X-ray field as absorbing layers [3] and
mirrors [4] and in semiconductor interconnect layers as diffusion bar-
riers [5-7]. Unfortunately, the thin film stress often determines the
limit of film thickness without cracking, buckling, or delamination [8]
with difficulties for their technical applications. It is well known that
thin films develop large intrinsic stress during the deposition process.
The intrinsic stress either originates from strained regions within the
films (grain boundaries, dislocations, voids, impurities, etc.) or at the
film/substrate (lattice mismatch, different thermal expansion, etc.)
interface. Several methods such as rf-substrate biasing [9] and substrate
temperature [10] techniques have been proposed to reduce the intrinsic
stress of coatings. In the present work, we present the structural and
morphological properties evaluated by atomic force microscopy, X-ray
diffraction and scanning electron microscopy-energy dispersive spec-
trometry of W thin films deposited by an RF Plasma system in diode
configuration [11] with microstructure in multilayer as a function of
the pressure and sputter gas.
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2. Experimental details

An RF plasma system [12] has been used to produce W coatings.
Coatings with thickness in the range of 1 um were grown on Si sub-
strates (1 x 1 cm?, thickness = 400 um). The experimental apparatus
consists of a parallel-plate, capacitive-coupled system, made up of a cy-
lindrical stainless steel vacuum chamber with an asymmetric electrode
configuration. A powered electrode is connected to an RF (13.56 MHz)
power supply, coupled with an automatic impedance matching unit,
while the other electrode, made up of stainless steel, is grounded. A
3-in diameter target of W (purity 99.9%) was placed on the powered
electrode. Si substrates were placed on the ground electrode at 6.5 cm
away from the powered electrode. No bias voltage and heating were
applied to the substrate holder. The substrate temperature was moni-
tored by a thermocouple fixed directly on the substrate. Before the
process, the substrates were cleaned with chemical etching solutions
to remove surface contaminants. The process chamber was pumped to
a base pressure below 1 x 10~ Pa; high-purity gases were introduced
into the vacuum chamber through a mass flow controller in order to
establish the desired working pressure. Ar or Ne was used as sputter
gas. The RF power was fixed at 150 W (1500 V of DC self-bias voltage).
The target was water cooled, and the temperature was kept below 20 °C
during the coating process.

The morphological properties and physical structure of the films
were investigated by scanning electron microscopy (SEM). Measure-
ments were performed using a ZEISS Supra System with an accelerating
voltage of 5 kV. Elemental analysis (EDS) was performed using an INCA
detector from Oxford Instruments using 15 kV as accelerating voltage.
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Fig. 1. (left) Cross-sectional and (right) top view SEM images of a multilayer W film produced with Ne as sputter gas.

The structural properties studied by X-ray diffraction measurements
were performed with a wide angle Siemens D-500 diffractometer
(WAXD) equipped with a Siemens FK 60-10 2000W tube. The radiation
was a monochromatized Cu Ko beam with wavelength N = 0.154 nm.
The operating voltage and current were 40 kV and 40 mA, respectively.
The data were collected from 20 to 80 26° at 0.02 26° intervals by means
of a silicon multi-cathode detector Vortex-EX (SII). The roughness was
investigated by atomic force microscopy (AFM). Measurements were
made in air by a Nano-RTM System (Pacific Nanotechnology, Santa
Clara, CA, USA) operating in contact mode. The deposition rates were
measured by a P15 surface profiler (KLATencor San Jose, CA) and by
SEM.

3. Results and discussion

At first single W layers have been grown at a power of 150 W by set-
ting the pressure between 0.8 and 3 Pa using two types of sputter gas
(Ar and Ne). In all these experiments, the films start to delaminate
and peel off once thicker than 200-300 nm. The films gradually start
to delaminate (in a few minutes) after being taken out of the coating
chamber and brought in atmospheric pressure at room temperature.
Delamination buckling patterns were observed in such films. The de-
lamination pattern was in the form of random wrinkles. The buckling
of the films extended from the outer edge of the substrate towards its
interior. This kind of coating instability can be attributed to the develop-
ment of high residual compressive stress during the deposition process
[13]. In all experiments, the maximum measured temperature of the
substrates during the deposition process was in the range 50-80 °C, at
this temperature the “thermally induced” stress value can be assumed
negligible. Therefore in our samples the stress values are mostly incor-
porated during the film growth. Because all the deposited single layer

coatings have shown stress phenomena, in order to relieve the stress,
a strategy of deposition in multilayer coating has been used. As we
know, the intrinsic stress in sputtered films is correlated to Thornton's
structure zone model (SZM) [14,15], which relates the microstructures
of sputtered films to the most prominent deposition parameters (for
example, the working-gas pressure). An approach by Windt [16] dem-
onstrated that the net stress in a bilayer metal film is minimized by
balancing the stresses in the two metal layers, and a clear dependence
on gas pressure was stated. In our approach, multilayer coating has
been grown in the same plasma conditions and compared with single
coating. All coatings produced with microstructure in multilayer
showed no stress phenomena. Multilayered W coatings were realized
by using the strategy of alternating high and low gas pressures (2 and
0.8 Pa). After the first deposition step (first layer) at high pressures,
the working gas process was decreased in-situ, then the deposition
was run again. The process was repeated to form thick multilayer
films. The reduced ion bombardment at high pressures (enhanced colli-
sion and scattering) slows down the adatom mobility and therefore
results in less dense films. In this case, the columns are separated from
each other by voids that are lower density regions. We can expect that
the coating will relieve the stress in the interface between the layers
and through the less dense layers. This results in larger critical thickness
and better quality films. Likewise, adhesion of films was improved. The
adhesion property of the coatings to the Si substrate was tested in accor-
dance with standard D3330 (Method for Peel Adhesion of Pressure-
Sensitive Tape of 180° Angle) of the American Society for Testing
Materials (ASTM) [17]. All multilayer coatings have passed the scotch
tape peel test exhibiting a good adhesion. Fig. 1 shows respectively
SEM cross-section and top view micrographs of a multilayer W coating
grown by the sequential deposition of four layers alternating high
and low Ne gas pressures. The deposition rate of layers grown at high

Fig. 2. (left) Cross-sectional and (right) top view SEM images of a multilayer W film produced with Ar as sputter gas.
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pressures was 3.6 nm/min, while at low pressure was 1.5 nm/min
(total coating thickness = 600 nm). A typical columnar feature of the
grains is evident (Fig. 1, left), furthermore, the interface between the
W thin film and the substrate is sharp and flat with a good interlayer
contact. It can be seen from Fig. 1 (right) that the surface particles
of the W films are very fine and uniform, and the average grain size
is in the range of 20-30 nm. The sample displayed a smooth surface
in which the roughness value (R;,s), measured with the fixed area of
2 x 2 um?, was 4.3 nm.

Fig. 2 (left) shows SEM micrographs of a multilayer W coating grown
in the same experimental conditions by the sequential deposition of
two layers alternating high and low Ar gas pressures. The deposition
rate of layers grown at high pressures was 13.1 nm/min, while at low
pressure was 3.2 nm/min (total coating thickness = 1000 nm). Also in
this experiment, the coating shows a columnar structure with similar
feature of the previous case, however, the surface morphology differs.
The grain size is similar, but the coating shows a less dense structure
than the Ne case. In addition, the coating shows many cauliflower-like
agglomerations in the surface (marker A), and the surface RMS rough-
ness value was found to be 8.5 nm. The deposition rate (Fig. 3) of W
was determined as a function of RF power, as expected, it increases
with increased mass of sputtering ions due to momentum exchange.

Depending on the growth conditions, W thin films are usually made
up of either the stable o phase (bcc lattice), the metastable 3 phase (A15
cubic lattice), or a mixture of both phases [6]. Fig. 4 (top) shows the XRD
patterns of the deposited W films prepared by Ar as sputter gas. The
films are composed of a mixture of both phases. In 26 range from 34°
to 42°, we observed the strongest (110) reflection of ®-W and (200)
reflection of B-W.

The XRD pattern for W films prepared by Ne, in the same plasma
conditions, is illustrated in Fig. 4 (down). A significant effect that Ne
gas has on the formation of a-W phase is evident. In this case, there
are no diffraction peaks of 3-W in the overall diffraction range. A new
(200) and (112) reflection of a-W at around 58.2° and 73.1°, respectively
was observed. On the other hand, a loss of crystallinity can be assessed,
indeed, peak broadening and intensity were detected.

As reported in the literature, the formation of 3-W phase has shown
to be sensitive to a variety of film preparation parameters. Dooho Choi
et al. [18] reported that a high base pressure prior to the film deposition
produces 3-W phase rich coatings. This effect is directly related to
the amount of impurities in the chamber. In particular, the correlation
of the oxygen contamination and formation of the 3 phase has been
observed repeatedly [19]. In order to reduce the oxygen contamina-
tion, a H, plasma pre-treatment of the Si substrate was performed for
30 min. W coating was subsequently grown in the same plasma con-
ditions used with Ar as sputter gas (Fig. 4, top). A similar deposition
rate (~8 nm/min) was obtained in both depositions. As can be seen
in Fig. 5, the W coating showed a microstructure mainly composed
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Fig. 3. Deposition rate of W as a function of RF power varying the sputter gas.
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Fig. 4. XRD patterns of multilayer W films: (top) produced with Ar as sputter gas (down)
produced with Ne.

of B phase. This result can be attributed to the hydrogen radicals
in prolonged Si surface treatment. Johnson et al. [20] and Jeng et al.
[21] suggested that defects could be created by hydrogenation.
In the early stage of the hydrogen plasma treatment, the hydrogen
radicals remove surface contaminants, weak Si— Si bonds and break
native Si—O bonds at the top surface to create voids and dangling
bonds. Water contact angle measurements confirm the increase of
surface energy of Si substrate. The contact angle (Fig. 6) of Si sub-
strate was 70° without H, pre-treatment and it decreased with
increasing of the pre-treatment time. However, hydrogen diffuses
into the silicon sub-surface after a prolonged surface treatment and
breaks Si-Si bonds, thus creating new defects that increase for a
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Fig. 5. XRD patterns of multilayer W films produced with Ar as sputter gas and with 30 min
of H, plasma pre-treatment.
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Fig. 6. Contact angle as a function of H2 plasma pre-treatment time for Si substrate.

longer process time. In order to analyze the effect of the crystalline
orientation of the substrate on the growth direction of the coatings,
different W coatings were grown in the same plasma conditions on
Si with different orientations (Si(100) and Si(001)). As expected,
for each substrate type, the growth of the W is predominantly orient-
ed, yielding the same peaks. This is due to the large mismatches
between W and the growth substrate used. Fig. 7 shows respectively
SEM top view and cross-section micrographs of a multilayer W coat-
ing grown in the same experimental conditions used with Ar sputter
gas, but with a H, plasma pre-treatment of the Si substrate per-
formed for 30 min. The coating shows a columnar structure with
similar feature of the Ar case. The surface morphology is similar,
however, in this case there are very few cauliflower-like agglom-
erations in the surface (marker B), and the surface RMS roughness
is 9.3 nm. The composition of coatings grown in the same experi-
mental conditions was evaluated by EDS. The deposited coatings
were composed of W and O atoms. Fig. 8 shows the O/W atomic
ratio of coatings produced by using Ar sputtering, Ar sputtering
with H2 plasma pre-treatment and Ne sputtering. The presence of
oxygen in the coatings can be due to the residual oxygen and water
vapor in the deposition chamber and to the exposure of coatings in
ambient atmosphere before the EDS analysis. Since the base pressure
before all the depositions is the same, we attribute the higher
amount of oxygen in the coatings mainly to the exposure in ambient
atmosphere. As demonstrated by SEM investigations, the coating
(sample 3) grown by Ne as sputter gas is more dense than the
other samples, this explains the lower value of O/W ratio. Regarding
samples 1 and 2, another consideration is that even though sample 2
shows similar features of sample 1 (Figs. 2 and 7), a marked decrease
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Fig. 8. O/W ratio evaluated by EDS. Samples (1) Ar as sputter gas, (2) Ar as sputter gas and
H, plasma pre-treatment, (3) Ne as sputter gas.

of the oxygen is evident. We can speculate that the H, plasma pre-
treatment contributes to the reduction of oxygen contamination
before deposition, furthermore, the increase of the surface energy
(Fig. 6) has driven the growth of a denser coating (this last statement
needs to be confirmed by nuclear reaction analysis). Another inter-
esting result from EDS analysis is the concentration of inert gas
embedded in deposited tungsten. For all coatings deposited by Ar
as sputter gas, no concentration of inert gas was found (below the
detection limit of our spectrograph). In the case of Ne, embedded
gas was found (in the range 10-12%) in all coatings.

4. Conclusions

Nanostructured W coatings have been deposited by an RF plasma
system in diode configuration. The intrinsic stress of coatings has been
eliminated using a microstructure in multilayer formed by passing
from high to lower working-gas pressure. This stress control strategy
has provided stress reduction and a high critical thickness for deposited
W thin films. These multilayer thin films have exhibited good adhesions
to the substrates thereby avoiding delamination. The results showed
that the coating crystalline structure can be tuned by varying the pro-
cess gas. The analyses illustrate the shift from a mixture of both «
and 3 phases to a dominated structure by « phases for Ne discharges.
The coating grown with Ne is denser with smaller grain size, and thus
has a smoother surface. On the other hand, a loss of crystallinity has
been detected. The structure can be also tuned by a H, plasma pre-
treatment of the substrate, the W coating showed a microstructure
composed of 3 phase. All coatings showed a morphology with flat sur-
face and low roughness.

Fig. 7. (left) Cross-sectional and (right) top view SEM images of a multilayer W film produced with Ar as sputter gas and H; plasma pre-treatment of the Si substrate.
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