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To develop high-quality refractory metal targets, pure W and W/Re alloys (with Re contents of 1, 5 and
10 mass%) were fabricated via mechanical mixing, press forming and vacuum sintering. Properties such as
relative density, grain size and orientation, and magnetron sputtering characteristics were investigated in
the W/Re alloys. With increasing Re content, both the relative density and purity of the W-Re alloys
increased, while the grain size decreased. The sizes of the grains in the W/10 mass% Re alloy target were
mainly between 10 and 40 pm. The results of electron backscatter diffraction (EBSD) indicated that the
grains in the W/Re alloys were randomly distributed and did not have a preferred orientation. The
percentage of small-angle grain boundaries (< 10°) was greater than 85% in the W/10 mass% Re alloy.
The grains in W/Re alloy thin films became gradually refined with increasing deposition pressure during
magnetron sputtering. Additionally, the surface roughness of the thin films gradually decreased and the
thickness of the thin films gradually increased with increasing deposition pressure. X-ray diffraction (XRD)
patterns of the thin films exhibited (110), (200) and (211) diffraction peaks at 40.5°, 58.6° and 73.5°,
respectively. With increasing deposition pressure, the intensity of the (110) diffraction peak gradually

decreased, while the intensity of the (200) diffraction peak gradually increased.

Keywords magnetron sputtering properties, thin film, vacuum
sintering, W/Re alloy target

1. Introduction

Tungsten (W) is a unique element with a high melting point,
excellent conductivity, high electromigration resistance, a work
function close to the band gap of silicon and excellent thermal
stability; additionally, it bonds extremely well with silicon. As a
result, high-purity tungsten and tungsten alloys can be used as
gate circuit materials, wiring materials and shielding materials
for large-scale integrated circuits (Ref 1). In recent years, high-
purity tungsten and tungsten alloy (W-Ti, W-Si, etc.) targets
have been developed and widely used in the semiconductor
industry to manufacture large-scale integrated circuits (Ref 2-
12).

The density and purity of these targets as well as grain size
and grain size distribution, grain orientation and texture were
found to be the main factors influencing target performance
during sputtered deposition (Ref 13,14). Taking the grain size
and grain size distribution as examples, the sputtering rate for a
fine-grained target was faster than that for a coarse-grained
target. The thickness of deposited thin films was more uniform
when the target had a smaller grain size distribution. In
addition, additive elements such as Re, Mo, Ta and Ti have
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been shown to have a large influence on the grain size
distribution in tungsten matrices (Ref 15). For example, the
atomic radii, densities and melting points of Re and W are
nearly identical owing to their similar atomic numbers. When
the recrystallization temperature of Re is 500 °C higher than
that of W, the recrystallization temperature of W/Re alloys can
be increased by the addition of Re. Tungsten grains can be
significantly refined by Re. As a result, Re is a preferred
additive element for tungsten alloy targets.

W/Re alloys with high purities and densities can be used as
target materials for magnetron sputtering in the semiconductor
industry. For example, a W/Re alloy can be used as a diffusion
barrier between silicon and aluminum in semiconductor
materials (Ref 16, 17), as these alloys are inert in the presence
of silicon and aluminum. Moreover, W-Re alloys can replace
copper as a semiconductor interconnect material. At tempera-
tures higher than 200 °C, W-Re alloys can be used as
functional contact layers due to their chemical inertness, which
can reduce the aging of interconnects and other related
materials (Ref 18, 19). With improvements in semiconductor
integration and decreases in wiring size, stricter requirements
regarding the purity, density and filling performance of wiring
materials have been enacted. As a result, W/Re alloy sputtering
targets with ultrahigh purities and densities will become
indispensable raw materials for the continued development of
semiconductor nanotechnologies.

The processing of W/Re alloys has played an increasingly
important role in the microelectronics industry (Ref 20-24).
The main processing techniques used to fabricate W/Re alloys
include melt casting, chemical vapor deposition, plasma spray
and powder metallurgy. The creep behavior of arc-melted W-
3.6 mass% Re-0.33 mass% ZrC and W-5.0 mass% Re, which
were considered as potential emitters for a thermionic energy
converter, was evaluated at elevated temperatures (1900-
2400K) under stresses of 15-80 MPa and vacuum pressures
below 1.3x107® Pa (1.0x10™® torr) (Ref 25). The recrystal-
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lization temperature of a W/Re alloy prepared by chemical
vapor deposition was 300-500 °C higher than that of pure W,
which was attributed to the addition of 3-5 mass% Re (Ref 26).
A W-5.0 mass% Re composite feedstock was fabricated by a
new cover method, and complex and thin-walled W-5.0 mass%
Re products were produced by plasma spray forming (PSF)
followed by hot isostatic pressing (HIPing) (Ref 27, 28). Pure
W and W-3.5 mass% Re alloys were fabricated by high-energy
ball milling followed by spark plasma sintering (Ref 29). Pure
W was not able to completely densify (relative density of
approximately 93%) at a sintering temperature of 1500 °C in
this work. However, the addition of 5 mass% Re resulted in
nearly complete densification (relative density of nearly 97%)
at the same sintering temperature. The enhanced densification
of the W-Re powders was mainly attributed to the ductility of
Re, the nanocrystallinity of the powders and the application of
pressure during sintering.

However, for almost all available references, research has
been mainly focused on the radiation—precipitation mechanism
and the thermal potential of W/Re alloys. There is still a lack of
research investigating the microstructure and magnetron sput-
tering properties of W/Re alloy targets. Thus, the objective of
the current work was to systematically study the composition of
raw materials and the density, microarea composition, grain
size and grain size distribution, and grain orientation distribu-
tion in vacuum-sintered W-Re alloy targets. The microstruc-
tures and phases observed in thin films that were magnetron-
sputtered from a W/10 mass% Re alloy target were compared.

2. Experimental Procedure

Tungsten and rhenium raw powders were purchased from
Zhuzhou Cemented Carbide Group Co., Ltd. and Beijing
Xingrongyuan Technology Co., Ltd., respectively. The tungsten
particles were small, polygonal in shape and substantially
agglomerated, as shown in Fig. 1(a). The average particle size
(see Fig. 1b) and purity of the initial tungsten powders were
approximately 8.5 pm and 99.95 mass%, respectively. The
initial rhenium particles were irregular and overlapped with one
other, as shown in Fig. 1(c). The average particle size (see
Fig. 1d) and purity of the rhenium powders were approximately
31.0 um and 99.90 mass%, respectively. The particle size
distribution in the raw powders was measured with a laser
particle size analyzer (Mastersizer Micro-Plus, Malvern Pana-
lytical). The composition of the raw powders, which were
provided by the above-mentioned manufacturers, is shown in
Table 1.

Three W/Re composite powders with different Re contents
(1 mass%, 5 mass% and 10 mass%) were prepared in a
horizontal mixer (XQM-8L, Nanjing Scientific Analysis Exper-
imental Instrument Research Institute Co., Ltd.) with a mixing
time of 6 h. The composite powders were press-molded with a
Y41-20T four-column hydraulic machine under a pressure of
10 MPa for 15 s. Then, the pressed, rough billets were placed
in a GJJ-23-250-2.5-type vacuum sintering furnace. First, the
sintering furnace was allowed to reach a vacuum pressure of
300 Pa (accuracy of £ 10 Pa). Second, the vacuum furnace
was heated to 850 °C at a rate of 3 °C min~!, and the pressed,
rough billets were held at 850 °C for 150 min. Third, the
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vacuum furnace was heated to 2250 °C at a rate of 2 °C min~ ',

and the composite samples were held at 2250 °C (accuracy
of £ 5 °C) for 420 min. Fourth, the composite samples were
cooled to 23 °C at a rate of 2 °C min~', and the furnace was
filled with protective nitrogen gas. Finally, the samples were
removed from the furnace.

After vacuum sintering, the samples were ground and
polished to the designed dimensions. Magnetron sputtering
(JGP450, Sky Technology Development Co. Ltd., China) was
then performed according to the following steps. (1) Monocrys-
talline silicon substrates were first ultrasonically cleaned with
petroleum ether for 20 min and then washed with deionized
water for 10 min. The substrates were further cleaned with
absolute ethyl alcohol and dried with a hair dryer. (2) The
substrates were placed on a heating table in the sputtering
chamber. (3) The pressure of the sputtering chamber reached
5.0 x 107* Pa (accuracy of £+ 0.5x10"* Pa) after it was
evacuated four times. (4) The samples were heated to 200 °C
(accuracy of + 5 °C) at 8 °C min~". (5) High-purity argon gas
was introduced into the sputtering chamber at a rate of
3.33 x 10~* m’ s~ using a flowmeter. (6) The pressure of the
sputtering chamber was kept stable with adjustments. (7) Thin
films were allowed to grow by turning the DC power on. (8)
Finally, the thin film samples were removed from the vacuum
chamber after it was cooled to 100 °C. The magnetron
sputtering parameters are provided in Table 2. It should be
noted that only one parameter, the working pressure, is
discussed in this paper. All of the other parameters, including
the Ar flow rate, base pressure, DC power, sample rotating
speed, heating temperature and sputtering time, were kept
constant.

The densities of pure W and the W/Re alloy targets were
measured using Archimedes’ principle (accuracy of + 2%).
Relative densities are reported herein. The phase constituents of
the W/Re composite powders, vacuum-sintered W/Re alloys
and magnetron-sputtered W/Re thin films were identified using
an x-ray diffractometer with 40 kV and 300 mA CuKa
radiation (D/ruax2550, Rigaku). Samples for metallographic
study were ground with emery papers and mechanically
polished with 4-8 and 0.5-1 pm diamond pastes. The samples
were all etched with a unique, corrosive solution (ammonia in
water and hydrogen peroxide at a volume ratio of 1:2) for 30 s
and then characterized by metallurgical microscopy (Leica
DM2700, Leica Camera AG). Scanning electron microscopy
(SEM) (Quanta FEG 250 and Nova Nanosem 230, FEI) was
used to characterize the surfaces and fracture surfaces of the W/
Re composite powders, vacuum-sintered W/Re alloys and
magnetron-sputtered W/Re thin films. Elemental maps of the
W/Re alloy target were obtained with a field emission electron
probe microanalyzer (JXA-8230F, JEOL). EBSD (Helios
NanoLab G3 UC, FEI) analysis was also performed to examine
the crystallographic orientation of grains in the vacuum-
sintered W/Re alloys. For EBSD analysis, samples were
polished using 0.5-1 um diamond pastes and then vibratory
polished for 360 min with a vibratory polishing machine (ZPG-
300, Shanghai Metallurgical Equipment Co., Ltd.). EBSD
images were taken at a magnification of 20000 x with a step
size of 0.03 um. During image postprocessing, with the aid of
TSL OIM Analysis 5 software, data points with a confidence
index lower than 0.05 were removed. No other cleanups were
applied to the datasets.
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Fig. 1 Tungsten and rhenium powders. (a) SEM image of and (b) laser particle size distribution in the tungsten powder. (c¢) SEM image of and

(d) laser particle size distribution in the rhenium powder

Table 1 Composition of the raw powders

Raw materials Fe, mass% Ca, mass% Si, mass% O, mass% Mo, mass% Al mass% P, mass% C, mass% Na, mass%
W 0.0005 0.0005 0.0005 0.0010 0.0005 0.0005 0.0005 0.0010
Re 0.0010 0.0010 0.0015 0.0015 0.0010 0.0010 0.0010 0.0015 0.0005
Table 2 Magnetron sputtering parameters for the W/Re alloy targets

Base DC
Sample Ar flow rate, Working pressure, powder, Sample rotating Heating Sputtering Target
No. Lh! pressure, Pa Pa W speed, rpm temperature, °C time, min materials
1 50 0.20 6.0 x 107* 30 10 300 60 W-10 mass% Re
2 50 0.30 6.0 x 107* 30 10 300 60 W-10 mass% Re
3 50 0.40 6.0 x 107* 30 10 300 60 W-10 mass% Re
4 50 0.50 6.0 x 107* 30 10 300 60 W-10 mass% Re
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3. Results and Discussion

3.1 Morphology and Phase Constitution of the W/Re
Gomposite Powders

After mechanical mixing, the W/Re composite powders
were substantially agglomerated, as shown in Fig. 2(a-c).
Moreover, the number of flake-like particles in the W/Re
composite powders increased with increasing Re content (see
Fig. 2). The fine W powder adhered to the surface of the flake-
like Re particles, as shown in Fig. 2(c). For the W/Re
composite powders containing 1 mass% Re, 5 mass% Re and
10 mass% Re, the average particle size (see Fig. 2d) was
14.6 pm, 15.1 pum and 16.2 pm, respectively. It can be
concluded that the average particle size of the W/Re composite
powders gradually increased with the amount of the coarse Re
powder added.

Major W diffraction peaks and minor Re diffraction peaks
can be seen in the XRD pattern presented in Fig. 3. It should be
noted that the Re powder was evenly distributed on the W
particles after mechanical mixing, and no alloying occurred
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Fig. 3 XRD patterns of the pure W powder and the mixed W/Re
powders
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Fig. 2 SEM image of and laser particle size distribution in the W/Re powders: (a) W/1mass% Re, (b) W/5 mass% Re, (c) W/10 mass% Re. (d)

Laser particle size distribution
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between them. The W diffraction peak positions observed in
the W/1 mass% Re, W/5 mass% Re and W/10 mass% Re
composite powders are slightly higher than those observed in
the pure W powder (see Fig. 3), which may be due to residual
stresses caused by mechanical mixing. It should be noted that
there is no obvious difference among the W peak positions
observed in the above-mentioned composite powders (W/
1 mass% Re, W/5 mass% Re and W/10 mass% Re).

3.2 Morphology and Phase Gonstitution
of the Vacuum-Sintered W/Re Alloys

Micropores are observed in pure W and the W/Re alloys
fabricated by vacuum sintering, as shown in Fig. 4. In addition,
the number of micropores gradually decreases with increasing
Re content. The relative densities of vacuum-sintered W and the
vacuum-sintered W/1 mass% Re, W/5 mass% Re and W/
10 mass% Re alloys are 90.4%, 92.4%, 94.7% and 97.8%,
respectively. The density of the W/Re alloys increased grad-
ually with increasing Re content because Re plays an important
role in enhancing the density of alloys (Ref 29). It should be
noted that both the target erosion rate and the thin film
deposition rate increased with the density of the target during
magnetron sputtering (Ref 30).

Metallographic images of vacuum-sintered, pure W and the
vacuum-sintered W/Re alloys after etching are shown in Fig. 5.
The gray and white regions in the etched microstructure (see
Fig. 5) are attributed to the same W/Re alloy phase but do not
separate the W phase and the Re phase. It is worth noting that

the different colors observed in Fig. 5 may be caused by
different grain heights after corrosion. The grains in pure W and
the W/Re alloys are polygonal in shape and have relatively
uniform grain sizes (see Fig. 5). There is no significant
difference in grain size between pure W and W/1 mass% Re, as
shown in Fig. 5(a) and (b), respectively. The grains in the W/
5 mass% Re and W/10 mass% Re alloys are obviously refined,
as shown in Fig. 5(c) and (d), respectively. It can be concluded
that the addition of Re plays an important role in inhibiting
grain growth in the W/Re alloys during high-temperature
vacuum sintering owing to ‘Re effects’ (Ref 31-33). The
deposition rate for a target with a small grain size was found to
be higher than that for the same target with a large grain size
(Ref 34). Furthermore, the quality of the thin film deposited
from the former was higher than that deposited from the latter.
As such, the addition of Re can help to improve the W target
sputtering deposition rate and the quality of corresponding thin
films.

Only diffraction peaks attributed to W can be seen in the
XRD patterns of the vacuum-sintered W/Re alloys (see Fig. 6)
and are consistent with those of pure tungsten. These results
indicate that elemental diffusion occurred during high-temper-
ature vacuum sintering and that Re completely dissolved in the
W matrix. In contrast to the diffraction peaks of the W/Re
mixed powders (see Fig. 3), Re diffraction peaks were absent in
the vacuum-sintered W/Re alloys, as shown in Fig. 6.

Figure 7(b;-by), (cz-c4) and (d;-d4) presents elemental maps
of W, Re and O in the investigated areas of pure W and the W/

(b)

(c)

(d)

Fig. 4 SEM image of pure W and the W/Re alloys fabricated by vacuum sintering: (a) pure W, (b) W/1 mass% Re, (c) W/5 mass% Re, (d) W/

10 mass% Re
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Fig. 5 Images of vacuum-sintered W and the vacuum-sintered W/Re alloys after etching: (a) pure W, (b) W/1 mass% Re, (c) W/5 mass% Re,

d) W/10 mass% Re
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Fig. 6 XRD patterns of pure W and the W/Re alloys prepared by
vacuum sintering

Re alloy targets. It should be noted that the Re map of the pure
W target, which should be marked as Fig. 7(c,), is missing in
this work. In addition, the concentration of the elements
presented in Fig. 7 can be distinguished by the level of color.
The deeper the color is, the higher the corresponding element
concentration. The color in each region of the investigated area

7228—Volume 30(10) October 2021

(see Fig. 7) is similar, which indicates that W and Re are evenly
distributed in the sample within a single phase. With increasing
Re content, the color corresponding to W gradually lightens,
while that corresponding to Re gradually deepens. These results
are consistent with the variations in the composition of the
vacuum-sintered W/Re alloys.

Importantly, the structural uniformity of pure W and W/Re
alloy targets has a large influence on the quality of the
corresponding sputtered thin films. The uniform composition of
pure W and W/Re alloy targets prepared by vacuum sintering
can improve the uniformity of magnetron-sputtered thin films.
The elemental O maps for pure W and the W/Re alloy targets
are shown in Fig. 7(d;-d4). The amount of O in the W/Re alloy
targets was lower than that in the pure W target. The sputtered
thin films were contaminated by impurities from the target and
oxygen and moisture in the micropores (Ref 35, 36). To
improve the performance of these sputtered thin films, it is
necessary to reduce the impurity content in the targets. The
amount of O in the W/Re alloy targets decreased with
increasing Re content. This indicates that the oxidation
resistance of W targets can be improved by the addition of
Re because valence electrons from the latter are transferred to
the former (Ref 37). As a result, the solubility of O in W/Re
alloys can be reduced under the combined actions of a vacuum
sintering environment and Re addition. This is in line with the
idea that the quality of magnetron-sputtered thin films is
dependent on the purity of the target.

Journal of Materials Engineering and Performance



Fig. 7 Elemental maps for pure W and the W/Re alloys obtained with an electron probe microanalyzer. Pure W target: (a;) image of the
investigated area and elemental (b;) W and (d;) O maps. W/1 mass% Re target: (ay) image of the investigated area and elemental (b,) W (c;) Re
and (d;) O maps. W/5 mass% Re target: (a3) image of the investigated area and elemental (b;) W, (c3) Re and (d;) O maps. W/10 mass% Re
target: (a4) image of the investigated area and elemental (bs) W, (c4) Re and (d4) O maps

3.3 Grain Morphology and Orientation
in the Vacuum-Sintered W/10 Mass% Re Alloy Target

The morphology of the grains in the vacuum-sintered W/
10 mass% Re alloy were examined by EBSD (Fig. 8). The
grains in the compact W/10 mass% Re alloy target were fine,
equiaxed and had an irregular, polygonal shape (see Fig. 8).

The area fraction of grains with <001>, <011> and
< 111> orientations in the W/10 mass% Re alloy target was
calculated, as shown in Fig. 9. The area fractions of grains with
<001>, <O011> and <111> orientations were 12.1%,
21.2% and 12.7%, respectively. It has been shown that the more
random the grain orientation is, the better the sputtering rate
and the uniformity of the sputtered thin film (Ref 38). Hence,
the vacuum-sintered W/10 mass% Re alloy, which does not
have a preferred orientation, will be beneficial in subsequent
magnetron sputtering.

Journal of Materials Engineering and Performance
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101

Fig. 8 Large area EBSD map of the W/10 mass% Re alloy target

The pole figure for the vacuum-sintered W/10 mass% Re
alloy target is presented in Fig. 10. The projections of all crystal
planes, including the (001), (011), (111) and (112) planes, are
symmetrically distributed along the RD and TD directions in
the W/10 mass% Re alloy. No obvious texture is observed in
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Direction Min Max Fraction Fraction

B <001>001] 0° 15° 0.121  0.121
[ <0113o01] 0° 15° 0212 0.212
Bl <111>001] 0° 15° 0.127  0.127

Fig. 9 Distribution and proportion of grains in the W/10 mass% Re target along a given direction

Fig. 10 Pole figure of the vacuum-sintered W/10 mass% Re alloy target: (a) (001) plane, (b) (011) plane, (c) (111) plane and (d) (112) plane

the pole figure because the target was not processed by hot
rolling. As a result, the crystal structure of the W/10 mass% Re
alloy target is symmetric and uniform and does not have a
preferred orientation.

The grain size distribution profile and misorientation angle
profile of the grains in the W/10 mass% Re alloy target
fabricated by vacuum sintering are shown in Fig. 11(a) and (b),
respectively. Most of the grains in the W/10 mass% Re alloy
target are between 10 and 40 um in size and are fine and
uniform (see Fig. 11a). Comparing pure W and the W/3 mass%

7230—Volume 30(10) October 2021

Re and W/5 mass% Re alloys, the smaller grain size of the W/
10 mass% Re alloy will allow subsequent magnetron sputtering
to be more efficient. The fraction of low-angle grain boundaries
(< 10°) is greater than 85% (see Fig. 11b).

3.4 Influence of Work Pressure on the Magnetron-Sputtered
Thin Films

It can be seen that the W/10 mass% Re alloy target with
random grain orientations has the highest density and purity and

Journal of Materials Engineering and Performance
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Fig. 11 (a) Grain size distribution profile and (b) misorientation angle profile for the W/10 mass% Re alloy target
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Fig. 12 SEM surface images of the W/Re alloy thin films prepared under different sputtering pressures: (a) 0.2 Pa, (b) 0.3 Pa, (c) 0.4 Pa and

(d) 0.5 Pa

the smallest grain size among the four targets from the above-
mentioned analyses. The magnetron sputtering properties of the
W/10 mass% Re alloy target were thus further investigated.

A smooth, dense and continuous W/Re thin film was
deposited on the surface of a monocrystalline silicon substrate
by magnetron sputtering of the W/10 mass% Re alloy target.
Surface images of the W/Re alloy thin films prepared by
magnetron sputtering under different pressures are shown in
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Fig. 12. Many coarse particles are observed on the surface of
the W/Re alloy thin film prepared under a deposition pressure
of 0.2 Pa (Fig. 12a). The grains in the W/Re thin films become
gradually refined and more uniform (see Fig. 12b-d) as the
work pressure increases from 0.2 Pa to 0.3, 0.4 and 0.5 Pa. The
surfaces of the W/Re thin films also become more smooth.
Atoms sputtered from the W/Re alloy target collided with
other particles (mainly argon atoms) in the deposition chamber

Volume 30(10) October 2021—7231



during magnetron sputtering. The energy of the sputtered atoms
was reduced before they reached the monocrystalline silicon
substrate due to the above-mentioned collisions. Note that the
amount of argon in the deposition chamber will increase with
increasing work pressure. The energy of sputtered atoms will
decrease due to a higher frequency of collisions under higher
deposition pressures. These two phenomena resulted in the
following. First, the migration ability of the sputtered atoms
after they reached the substrate decreased owing to the reduced
energy of these atoms. Then, the density of the crystal nuclei
increased during film formation. In addition, the size of the
grains in the thin film decreased because each crystal nucleus
became more refined. Second, the grains in the thin film did not
grow completely, and the degree of crystallization was poor
owing to the reduced energy of the sputtered atoms. As such,
the size of the grains in the thin film was small. Moreover, the
surface morphology of the W/Re alloy thin film became more
smooth and dense with increasing deposition pressure due to
the dense arrangement of crystal nuclei and the small size of the
grains.

The thickness of the W/Re alloy thin film prepared under a
deposition pressure of 0.2 Pa was only approximately 180.3

nm, as shown in Fig. 13(a). When the deposition pressure was
increased to 0.3, 0.4 and 0.5 Pa, the thickness of the W/Re alloy
thin film (see Fig. 13b, ¢ and d) gradually increased to 244.8,
273.9 and 313.5 nm, respectively. We expected that the thin
film fracture surfaces would be occupied by directionally
solidified columnar grains. However, columnar grains could not
be clearly identified at the intergranular interfaces due to the
small particle size of the grains on the fracture surfaces.
Obvious interfaces between the substrate and W/Re thin film
were observed at the fracture surfaces, indicating low-element
diffusion. Moreover, the thin films adhered well to the
substrates, and almost no cracks or pores were observed at
the interfaces.

Target atoms can be released by the collision of ions
produced from the ionization of argon gas. However, the
migration of target atoms can also be hindered by argon gas. It
should be noted that the W/Re alloy film fabricated under a
pressure of 0.2 Pa was the thinnest of all of the samples
investigated (see Fig. 13a). This is attributed to two main
events. First, the deposition rate of the W/Re alloy thin film was
slow under 0.2 Pa due to a low target sputtering rate. Second,
there were fewer collisions between the sputtered particles and

— g g

(a)

(d)

(b)

Fig. 13 SEM images of the fracture surfaces of the W/Re alloy thin films prepared under different work pressures: (a) 0.2 Pa, (b) 0.3 Pa, (c)

0.4 Pa and (d) 0.5 Pa
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Ar gas during their transport from the target to the substrate
under lower working pressures. The sputtered particles were
more kinetically energetic during their migration to the
monocrystalline silicon substrate. The growth rate and thick-
ness of the W/Re alloy thin film decreased due to a
bombardment by resputtered, high-energy particles. This phe-
nomenon is consistent with that reported previously (Ref 39,
40). The number of ions generated by gas ionization increased
gradually as the deposition pressure increased to 0.3 Pa and 0.5
Pa. The influence of atoms released by ions impacting the target
was greater than that of target atoms hindered by collisions with
argon gas. As a result, the thickness of the W/Re alloy thin film
increased as the number of target atoms deposited on the
monocrystalline silicon substrate increased, as shown in
Fig. 13(b-d).

XRD patterns of the W/Re alloy thin films under different
sputtering pressures are shown in Fig. 14. Diffraction peaks
corresponding to the (110), (200) and (211) crystal planes of o-
W are observed at 40.5°, 58.6° and 73.5°, respectively. The W/
Re alloy thin films exhibit a unique body-centered cubic
structure and contain polycrystalline phases. No impurity
diffraction peaks are observed in the XRD patterns. In addition,
the intensity of the (110) diffraction peak is much higher than
that of the other diffraction peaks, which indicates that the W/
Re alloy thin films grew preferentially along the (110) direction
during magnetron sputtering. By comparing the peak intensities
of the films, it can be seen that the W/Re alloy thin film
sputtered under 0.2 Pa possesses the most intense (110) peak; a
further increase in the deposition pressure (above 0.2 Pa) yields
a less crystalline W/Re alloy thin film, as evidenced by the
lower intensity of the (110) diffraction peak. A W/Re alloy film
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with optimum crystallinity is obtained at the lowest sputtering
pressure. This may be caused by the bombardment of highly
energetic (kinetic energy) sputtered particles, which results
from fewer collisions between W/Re atoms and Ar atoms.
Moreover, the intensity of the (200) diffraction peak slightly
increases with increasing deposition pressure. At the same time,
the grains in the W/Re alloy films become gradually refined and
tend to grow along the (200) crystal face.

4, Conclusion

(1) The average particle size of the W/Re mixed powders
increased from 14.6 to 16.2 pm as the Re content in-
creased from 1 to 10 mass%. Major W diffraction
peaks and minor Re peaks were observed in the XRD
patterns because no alloying occurred during mechanical
mixing. Compared to the positions of the W diffraction
peaks in the pure W powder, the positions of the W
diffraction peaks in the W/Re mixed powders (W/
1 mass% Re, W/5 mass% Re and W/10 mass% Re)
slightly increased, and no obvious differences were ob-
served among the different W/Re mixed powders.

(2) Pure W and W/I mass% Re, W/5 mass% Re and W/
10 mass% Re alloys were prepared by press molding
and vacuum sintering. Re was completely dissolved in
the W matrix, and a uniform W/Re solid solution was
formed during vacuum sintering. The relative densities
of the vacuum-sintered W, W/l mass% Re, W/5 mass%
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Fig. 14 XRD patterns of the W/Re alloy thin films prepared under different sputtering pressures: (a) 0.2 Pa, (b) 0.3 Pa, (c) 0.4 Pa and (d)

0.5 Pa
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Re and W/10 mass% Re samples were 90.4%, 92.4%,
94.7% and 97.8%, respectively. The grains in pure W,
W/1 mass% Re, W/5 mass% Re and W/10 mass% Re
became more refined with increasing Re content.

The purity of the W/10 mass% Re alloy target was very
high, and this sample contained grains with sizes typi-
cally between 10 and 40 um. The percentages of
<001>-, <011>- and <111 >-oriented grains in the
W/10 mass% Re alloy target were 12.1%, 21.2% and
12.7%, respectively. The grains were irregularly dis-
tributed and did not have a preferred orientation. In
addition, the number fraction of low-angle grain bound-
aries (< 10°) reached 85%. All of these characteristics
can improve the quality of sputtered thin films.

The work pressure has a large influence on the
microstructure and properties of W/Re alloy thin films.
The grains in the thin films became refined as the depo-
sition pressure increased. At the same time, the coating
surface gradually became more smooth and the thick-
ness of the thin film gradually increased. The (110),
(200) and (211) diffraction peaks of a-W were observed
at 40.5°, 58.6° and 73.5°, respectively. As the deposition
pressure increased, the intensity of the (110) diffraction
peak decreased gradually, while that of the (200) diffrac-
tion peak increased slightly.
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