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Fabrication of tungsten films by metallorganic chemical vapor deposition
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Abstract: Tungsten films growing on copper substrates were fabricated by metallorganic chemical vapor deposition (MOCVD). The chemi-
cal purity, crystallographic phase, cross-sectional texture, and resistivity of the deposited films both before and after annealing treatment were
investigated by X-ray energy-dispersive spectroscopy (EDS), X-ray diffraction (XRD), scanning electron microscopy (SEM), and four-point
probe method. It is found that the films deposited at 460°C are metastable 3-W with (211) orientation and can change into o-W when an-
nealed in high-purity hydrogen atmosphere at high temperature. There are small amounts of C and O in the films, and the W content of the
films increases with increasing deposition temperature and also goes up after annealing in high-purity hydrogen atmosphere. The films have
columnar microstructures and the texture evolution during their growth on copper substrates can be divided into three stages. The resistivity
of the as-deposited films is in the range of 87-104 uQ-cm, and low resistivity is obtained after annealing in high-purity hydrogen atmosphere.
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1. Introduction

Refractory metal tungsten possesses many excellent
properties, such as high melting point, low vapor pressure,
superior abrasive resistance, outstanding anti-corrosive per-
formance, and high electrical conductivity, which make
tungsten often used as contact barriers [1-2], low resistance
gate materials [3], and metals for interconnections [4].
Tungsten has been widely used in aerospace, electronics,
weapons, and chemistry industries.

Many kinds of techniques including low-pressure plasma
spraying [5], thermionic vacuum arc method [6], sputtering
[7], laser-ablation [8], molten salt electroplating [9], and
chemical vapor deposition (CVD) have been employed to
fabricate tungsten films. Compared with other techniques,
the advantages of CVD processes are extremely attractive
because of the low deposition temperature and the con-
trolled morphology and composition of tungsten films by
changing deposition conditions.
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Different source compounds such as WF4, WClg, and
W(CO)4 [10-12] can be used as the source in CVD technol-
ogy. As a product from hydrogen reduction reaction, hy-
drogen halide may corrode the reaction chamber with the
presence of tungsten halide. Thermal decomposition of
W(CO)4 can avoid this problem at a temperature of over
200°C. In this paper, we investigated the preparation of
tungsten films using metallorganic chemical vapor deposi-
tion (MOCVD) from a precursor of W(CO)s. The properties
of tungsten films were determined using X-ray en-
ergy-dispersive spectroscopy (EDS), X-ray diffraction
(XRD),
four-point probe method.

scanning electron microscopy (SEM), and

2. Experimental

The source compound W(CO)s used in this study was
independently synthesized by a carbonyl laboratory, and the
purity of the solid W(CO)s precursor reached 99.9%.
High-purity (99.99%) hydrogen was used as the carrier gas.
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The used substrates were pure copper, and the polished sub-
strates were cleaned in acetone using the following proce-
dures: 20-min ultrasonic cleaning to remove extraneous
matters on the substrate surface then 2-min de-ionized water
rinse.

The MOCVD reactor is shown in Fig. 1. The MOCVD
system can be divided into four main components: the gas
transport system, the growth system, the temperature control
system, and the exhaust gas treatment system. The MOCVD
reactor is made of quartz glass. The copper substrate in the
reactor was heated with a stainless steel heater. The sub-
strate temperature was measured using a K-type thermocou-
ple and the change of the substrate temperature was con-
trolled by a CKW-1100 automatic temperature indica-
tor-controller. The source compound W(CO), was loaded in
a evaporator also made of quartz glass, and the sublimation
temperature of W(CO)s was controlled by a HH-SA digital
thermostat oil bath pot. The gas transport system controls
the amount of source compound W(CO); that was supplied
to the reaction chamber. Through this gas transport system,
a carrier gas of high-purity hydrogen was fed through the
evaporator containing the solid source compound W(CO)s,
and the flow rate of carrier gas was 200 cm’/min. The va-
porization temperature of W(CO)s precursor was in the
range of 80-105°C. Typically, the tube that transports gase-
ous W(CO)s was maintained at 80°C with a heating tape.
Tungsten films were deposited over the temperature range
0f 300-500°C, and the typical film growth periods was 1-5 h.
After the deposition, the annealing of the as-deposited films
was carried out using a high-temperature tube furnace in
high-purity hydrogen atmosphere, the annealing temperature
could be changed in the range of 800-900°C and controlled
by a K7-A300-PK1011S1A precision temperature controller,
and the annealing time was 2 h.
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The thickness and texture of tungsten films were exam-
ined using a JSM-6510 SEM. A D/max-RB XRD with
monochromatic Cu K, radiation was performed to identify
the phases of the films, the composition of the films was
measured using EDS, and the sheet resistance of the films
was measured using a SB100A/1 four-point probe.

Fig. 1. Schematic illustration of MOCVD for W (1—needle
valve; 2—flow meter; 3—oil bath pot; 4—W(CO)s; 5S—reactor;
6—exhaust treatment equipment).

3. Results and discussion

3.1. Composition of tungsten films

Tungsten films were deposited at 300, 380, and 460°C,
respectively, and the deposition time of the three samples
was 5 h. They were then annealed in high-purity hydrogen
atmosphere at 900°C for 2 h. EDS spectra of all the thin
films are shown in Fig. 2. Fig. 2 illustrates that the films
contain C and O besides W. The composition of tungsten
films deposited at different temperatures is given in Fig. 3,
revealing that the content of W increases with increasing
deposition temperature between 300 and 460°C. The W
content of the as-deposited films is between 92wt% and
96wt%. The EDS spectrum of the annealed tungsten film
deposited at 300°C, depicted in Fig. 2(b), shows that the

19500
18000 + (b)
16500 |-
15000 W
13500
12000
10500
9000 -
7500 |
6000 -
4500
3000
1500

Intensity / counts

Energy / keV

Fig. 2. EDS of tungsten films: (a) film deposited from W(CO); at 300°C for 5 h; (b) film deposited from W(CO) at 300°C for S h

and annealed at 900°C for 2 h in high-purity hydrogen atmosphere.
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Fig. 3. Effects of deposition temperature on the contents of
tungsten, carbon, and oxygen in the deposited films.

film still contains W, C, and O. However, the content of W
in the film increases from 92.91wt% to 97.64wt% after an-
nealing at 900°C in high-purity hydrogen atmosphere, and
the impurities in the film decrease to a value less than 3wt%.

The source compound W(CO), decomposed into W at-
oms and CO when vaporized and fed into the reactor. At the
same time, most of the reaction byproduct CO was excluded
from the system, but a small quantity of adsorbed CO de-
composed into C and O atoms, which could be combined
with W atoms to form tungsten oxide or tungsten carbide as
illustrated in Fig. 4. Especially, when the content of CO in
the reactor is increased, there are also some carbon and
oxygen atoms trapped in the tungsten lattice or in between
the grain boundaries [13]. CO dissociation is less favourable
with increasing deposition temperature. Therefore, much
less impurity atoms are incorporated in tungsten films with
increasing deposition temperature.

C and O atoms can recombine to form gaseous CO at
high temperature, and oxygen is highly active in hydrogen
atmosphere. The above two factors result in decreasing the
contents of impurities in the film after annealing in
high-purity hydrogen atmosphere at high temperature such
as 900°C.

3.2. XRD studies of tungsten films

Tungsten can exist in two crystalline modifications: B-W
and a-W. Many studies show that B-W is a metastable form
of tungsten [14], in which a little heteroatom impurities are
present. B-W can change into a-W with a bce structure when
the temperature of tungsten is higher than 630°C. The XRD
pattern of the film deposited at 460°C for 2 h is shown in
Fig. 4, revealing that tungsten exists in a form of highly ori-
ented B-W. The peak at 43.54° (20) in Fig. 4 corresponds to
the B-W (211) plane, and the computed spacing d is 0.2077
nm. According to XRD analysis, the film also contains

tungsten oxide phase and tungsten carbide phase, but the
contents of tungsten oxide phase and tungsten carbide phase
are small from the results of EDS analysis in Figs. 2 and 3.
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Fig. 4. XRD pattern of the film deposited at 460°C.

The XRD pattern of the deposited film annealed at 800°C
in high-purity hydrogen atmosphere, as shown in Fig. 5, in-
dicates the conversion of B-W to a-W. The annealed sample
exhibits one sharp tungsten peak, and the sharp peak corre-
sponds to the a-W (110) plane. The annealed tungsten film
still contains tungsten carbide phase but not contain tungsten
oxide phase.

(110)
u a-W
o W,C

(102)

Intensity / a.u.

(200)

(002) @21) |}
) A

30 40 50 60 70 80 90
20/ (°)

(220)
004) (242) =

Fig. 5. XRD pattern of the deposited film annealed at 800°C
in high-purity hydrogen atmosphere.

Tungsten is partly oxidized on the surface soon after the
C-0 bond scission takes place. Some C and O atoms are
trapped in the tungsten lattice, forming the metastable form
of tungsten and a small quantity of tungsten oxide [15]. An-
nealed around 800°C, C and O atoms recombine as CO,
while tungsten is reduced back to its zero valence state and
stays into steady state.

3.3. Cross-sectional texture

The microstructural details of tungsten films were ex-
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plored from cross-sectional SEM images. Fig. 6 is SEM
images obtained from the whole tungsten film thickness.

A 13-pum-thick tungsten film is shown in Fig. 6(a). The
SEM images in Fig. 6 provide evidence that the films have
columnar microstructures, and a few of small pores are ob-
served in the annealed films. From the SEM images, we can
see that the texture evolution during tungsten film growth on
copper substrates can be divided into three stages. The film
thickness of the initial stage is about 2 um, and grains
formed at this stage are fine because of high nucleation rate
and widely spreading growth orientation when the thermal
decomposition of W(CO), takes place. The film thickness of
the second stage is about 1 pm, and crystallites formed at
this stage have no orientation. At the third stage, columnar
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crystals form, and the columnar crystals exhibit strong ori-
entation. From Fig. 6, we can see the formation of uniform,
highly oriented columnar microstructures and a few small
pores in the annealed films.

3.4. Resistivity of tungsten films

The sheet resistance was measured by four-point probe
method, which is usually used to measure the sheet resis-
tance of shallow layers [16]. Tungsten films were deposited
by pyrolysis of W(CO)s at 300, 380, and 460°C in
high-purity hydrogen atmosphere, respectively, and the
deposition time of the three samples is 5 h. They were then
annealed in high-purity hydrogen atmosphere at 800 and
900°C for 2 h. The obtained resistivity values are given in
Table 1.

Fig. 6. Cross-sectional SEM images of the W film deposited at 420°C (a) and annealed in high-purity hydrogen atmosphere at

800°C (b).
Table 1. Resistivity of the W films deposited by MOCVD
Deposition tem- Thickness / s Annealing tem- Annealing Resistivity after anneal-
No. Resist / (uQ
© perature / °C pm esistivity / (u€rem) perature / °C time/h ing / (uQ-cm)
1 300 6.7 104 800 2 41
2 300 6.7 104 900 2 37
3 380 12.5 92 800 2 30
4 380 12.5 92 900 2 28
5 460 113 87 800 2 22
6 460 113 87 900 2 20

As seen in Table 1, the resistivity values of as-deposited
tungsten films with different thicknesses are in the range of
87-104 uQ-cm, and the resistivity of tungsten films decrease
slightly with increasing deposition temperature between 300
and 460°C. For all the samples, the resistivity values de-
crease after annealing at 800 and 900°C, and their values are
in the range of 20-41 uQ-cm. These phenomena are proba-
bly due to the reduction of C and O content between the
body and boundaries of grains after annealing.

4. Conclusions

Tungsten thin films were deposited on copper substrates
by thermal decomposition of W(CO);in high-purity hydro-
gen atmosphere. The content of W increases with increasing
deposition temperature and also increases after annealing in
high-purity hydrogen atmosphere. Tungsten films deposited
at 460°C are metastable B-W that can change into o-W
when annealed in high-purity hydrogen atmosphere at high
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temperature. The films have columnar microstructures ex-
hibiting strong orientation, and the texture evolution during
tungsten film growth on copper substrates can be divided
into three stages. A few of small pores are observed in the
annealed films. The resistivity values of as-deposited tung-
sten films are in the range of 87-104 pQ-cm. After annealing
in high-purity hydrogen atmosphere, the resistivity de-
creases and their values are in the range of 20-41 pQ-cm.
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