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Tungsten (W) has a short electron mean free path (EMFP) of 19 nm and a high melting point (3673 K), and,
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In this study, DC magnetron sputtering of W thin film assisted by indirect inductively coupled plasma (ICP)
Delivered by Ingenta
(where, the ICP is located near the substrate) has been investigated for the deposition of 20 nm thick W thin
films with a low resistivity and the results were compared with those deposited by direct ICP assisted DC
magnetron (where, the ICP is located near the DC magnetron). The W thin films deposited with the indirect
ICP assisted sputtering showed the continuous decrease of the W resistivity from 76.5 (0 W) to 22.2 (500 W)
Ohm-cm with the increase of ICP power. In the case of W thin film deposited with direct ICP assisted sputtering,
even though the resistivity was initially decreased with the ICP power, the resistivity was increased at high ICP
powers due to the increased W surface roughness. The lower W resistivity at high ICP powers for the indirect
ICP assisted DC sputtering was related to the change of crystal structure to BCC from A-15 and lower oxygen
content in the film due to the higher ion flux to the substrate without increasing the surface roughness.
Keywords: Inductively Coupled Plasma, Sputter, Indirect ICP, ICP Assisted Sputter, Tungsten Deposition.

1. INTRODUCTION
As the critical dimension (CD) of the semiconductor
devices decreases to less than 10 nm due to the increasing
degree of integration of electronic devices, the characteristics of the deposited metallic thin film during the interconnection of the devices have become one of the important
factors that greatly affect the performance and reliability
of the semiconductor devices. Especially, as the device
size is decreased, the resistance of the deposited metal is
increased significantly, therefore, the signal delay due to
the increased metallic resistance limits the speed of the
device. Moreover, the reduction in the cross-sectional area
∗
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of the interconnecting metal in semiconductor integrated
circuits increases the current density and the stress of the
interconnecting metal, thereby, lowering the reliability of
the metal. In addition, as higher heat is generated in the
device by higher integration, more problems may occur
in the deposited metal film with the increase of device
integration.
W has been studied as a potential next generation interconnection metal to replace Cu even though W has a
higher bulk metal resistivity compared to that of Cu. It is
due to the lower electron mean free path (EMFP) characteristic of 19 nm than that (39 nm) of Cu and a very high
melting point characteristic (3695 K) required for next
generation interconnecting metal. That is, since W has a
smaller EMFP than Cu, it is expected to reduce the size
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effect by the surface scattering and grain boundary scattering as it goes to nanometer dimension [1–6]. In addition,
the high melting point characteristics of W can minimize
the various problems of the metal thin film due to the heat
generated in a highly integrated circuit.
Metallic thin films can be deposited by various methods such as chemical vapor deposition (CVD), atomic
layer deposition, electrodeposition, sputter deposition, etc.
depending on the application of the metals. Among these,
sputter deposition deposited by DC magnetron sputtering
has been widely used for deposition of various metals
due to its characteristics of high deposition rate, uniform deposition, and low impurity at low temperature [7].
Recently, to improve the quality of the metal deposited
by DC magnetron sputtering, a DC magnetron sputtering method assisted by an additional inductively coupled
plasma (ICP) source located at the front of the DC magnetron (direct ICP) has been investigated for the deposition
of W thin film and showed that the properties of the W
thin film were improved by generating additional plasma
Fig. 1. Schematic drawing of the indirect and direct ICP assisted DC
using a spiral type ICP antenna [8, 9]. However, for this
power magnetron sputter system used for deposition of W thin film.
DC magnetron sputtering assisted by the direct ICP, due
to the decrease in voltage and the increase in current of
the experiment. The ICP antenna was a spiral-type antenna
the DC magnetron target with the assistance and increase
made of 6.35 mm diameter oxygen-free copper tubing
of direct ICP plasma, the roughness of the W thin film
and the ICP antenna was connected to the feedthroughs
deposited on the substrate was increased at room temperaIP: 127.0.0.1
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ture. This increase in the surface roughness
of W deposited
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the RF power to the antenna from the outside
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on the substrate increased the electron-surface scattering,
the vacuum chamber. The base pressure of the depoDelivered byof
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and which resulted in the increase in the resistance of the
sition chamber was maintained less than 1.33 × 10−4 Pa
W thin film.
by a turbomolecular pump (OSAKA VACUUM-TH520).
In this study, the deposition of W thin film was also
A DC power supply (ENI, RPG-100) was connected to
investigated using DC magnetron sputtering assisted by
the magnetron sputter target, and 13.56 MHz RF power
ICP to reduce the resistance of the nanometer scale W
(ADVANCED ENERGY, RFX-600) was applied to the
film. However, in this study, instead of the DC magICP antenna after passing through a matching network for
netron sputter deposition assisted by the direct ICP, an ICP
the impedance matching.
source installed at a distance from the DC magnetron tarThe sputtering was carried out with Ar (30 sccm) at
get (indirect ICP) was used not to significantly disturb the
2.0 Pa of operating pressure. DC power to the magnetron
current and voltage characteristics of DC magnetron sputtarget was fixed at 500 W and the RF power to the ICP
tering while affecting the properties of depositing W film.
antenna was varied from 0 to 500 W. Before the deposiAnd, the effects of the addition and increase of indirect
tion of W, the SiO2 /Si substrates were cleaned in sequence
ICP during the DC magnetron sputtering on the properwith acetone, isopropyl alcohol (IPA), and deionized (DI)
ties of W thin films deposited at room temperature were
water in an ultrasonic cleaner for 15 min each. Before
investigated and the results were compared with the W
deposition of W thin film on the substrates, the W sputter
thin films deposited with direct ICP (the data were taken
target was pre-sputtered for 2 min by operating the DC
from the Ref. [9] for the similar condition and fitted for
magnetron target without substrates to clean the target surcomparison).
face. A 99.999% pure W target was used for W thin film
deposition and the substrate holder was rotated at 15 rpm
while maintaining at room temperature, and the W thin
2. EXPERIMENTAL SET-UP
film thickness was fixed at 20 nm.
Figure 1 shows the schematic drawing of the indirect
A four-point probe (JANDEL ENG.) was used to
ICP assisted DC magnetron sputtering system used in this
measure the resistivity of W film. The surface roughexperiment. The size of the DC magnetron target was
ness of the deposited W film was investigated with
76.2 mm diameter, and the ICP antenna was located at a
atomic force microscopy (AFM, PSIA XE100). The crysdistance (∼70 mm away) from the magnetron target not to
tal structure and the chemical binding states of deposited
significantly disturb the current–voltage characteristics of
W thin film were investigated using X-ray diffraction
DC magnetron sputtering for the ICP power range used in
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(XRD, Rigaku Corporation MXD10) and X-ray photoelectron spectroscopy (XPS, ESCA2000, VG Microtech Inc.),
respectively.

3. RESULTS AND DISCUSSION
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Fig. 2. Deposition rate of W film as a function of indirect and direct
ICP power (from 0 to 500 W) for room temperature. The data related
to the direct ICP assisted DC magnetron sputter deposition were taken
from the Ref. [9].
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Fig. 4. Resistivity of the 20 nm thick W film as a function of indirect
and direct ICP power for the deposition conditions in Figure 2. The
thickness of W thin films was 20 nm. The resistivity data related to the
direct ICP assisted DC magnetron were taken from the Ref. [9].
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Figure 2 shows the deposition rate of W film measured
as a function of ICP power for the indirect ICP assisted
DC magnetron sputtering. The DC magnetron power was
kept at 500 W and the operating pressure was maintained
at 2.0 Pa while varying the 13.56 MHz RF power to the
ICP source from 0 to 500 W. As comparison, the deposition rate of W film measured as a function of the direct
ICP power (taken from the Ref. [9] for the similar condition and fitted) is also shown. For the direct ICP assisted
Fig. 3. Variation of voltage and current of DC magnetron sputter magDC magnetron sputtering, with the increase of ICP power
netron as a function of indirect and direct ICP power (from 0 W to
from 0 to 500 W, almost continuous increase of deposi500 W) while maintaining the DC magnetron power at 500 W and
the operating pressure at 2.0 Pa Ar. (Black lines and blue lines indition rate from 62.3 to 71.5 nm/min was observed at the
cate voltage and current, respectively.) The electrical data related to the
room temperature. However, for the indirect ICP assisted
direct ICP assisted DC magnetron were taken from the Ref. [9].
DC magnetron sputtering, as shown in Figure 2, the W
film deposition rate was slightly increased from 62.3 to
power at 500 W and the operating pressure at 2.0 Pa Ar.
66.9 nm/min at the room temperature with increase of the
As shown in Figure 3, for the direct ICP assisted DC
ICP power from 0 to 500 W. Especially, after the increased
magnetron, the current was increased almost linearly from
deposition rate of ∼4 nm/min with the increase of ICP
1.32 to 1.52 A while decreasing the voltage continuously
power from 0 to 200 W, no significant increase in the
from 392 to 342 V with the increase of ICP power from
deposition rate was observed for the ICP power higher
0 Dec
to 500
W. 10:20:38
In the case of the indirect ICP assisted DC
IP: 127.0.0.1 On: Wed, 23
2020
than 200 W.
magnetron,
even though the current was also increased
Copyright:
American
Publishers
To investigate a reason for the differences
in the
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1.32 to 1.39 A) and voltage was decreased (from
sition rates between the direct ICP and indirect ICP
mea- by(from
392 to 376 V) with the increase of ICP power (from 0 to
sured as a function of ICP power shown in Figure 2, the
300 W), the variation of current and voltage was smaller
electrical characteristics of the DC magnetrons assisted by
than that of the direct ICP and the further increase of the
indirect and direct ICP were measured. Figure 3 shows
ICP power to 500 W nearly saturated the current and voltthe current and voltage characteristics of the DC magage. The smaller increase and saturation of the deposition
netron measured as a function of ICP power (direct and
rate for the indirect ICP assisted DC magnetron sputtering
indirect ICP power) while maintaining the DC magnetron
while the deposition rate is continuously increased with
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the increase of ICP power for the direct ICP assisted DC
magnetron sputtering shown in Figure 2 are believed to
be related to the variation of the DC magnetron current
in Figure 3 which is related to the Ar+ ion flux to the
magnetron target. (The DC magnetron voltage can also
change the sputter rate, but the variation of the voltage
for the direct and indirect ICP powers investigated was
not high enough to change the deposition rate noticeably.)
Smaller increase (and even saturation) of current and voltage with the ICP power for the indirect ICP compared
to that for the direct ICP appears to be related to the no
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significant influence of the plasma generated by the indirect ICP power to the DC magnetron plasma, while the
plasma generated by the direct ICP power affects the DC
magnetron plasma significantly.
20 nm thick W thin films were deposited on SiO2 /Si
substrates as a function of ICP power for the conditions in
Figure 2 and the resistivity of the 20 nm thick W thin films
measured as a function of ICP power is shown in Figure 4.
As shown in Figure 4, for the W thin film deposited by the
direct ICP assisted sputtering, the resistivity was decreased
from 76.5 to 26.2 cm with the increase of ICP power
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Fig. 5. XRD data of (a) W thin film and the specific XRD peaks for (b) —(110), (c) —(200), (d) —(211), and (e) —(321) deposited as a
function of indirect ICP power from 0 to 500 W at room temperature.
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from 0 to 200 W, however, the further increase of ICP
power to 500 W increased the resistivity to 30.2 cm.
20
In the case of the indirect ICP assisted sputtering, similar
to the direct ICP assisted sputtering, the resistivity was
decreased from 76.5 to 25.2 cm with the increase of
15
ICP power from 0 to 200 W, but, the further increase of
ICP power to 500 W decreased the resistivity further to
22.1 cm. To investigate the reason for the changes in
10
resistivity with the ICP power and the differences in the
resistivity between the indirect ICP and direct ICP, the
structure and the surface roughness of the deposited W
5
thin films were examined by XRD and AFM, respectively.
Figure 5 shows (a) the total XRD data of deposited
DC only
100 W
300 W
500 W
W film and the specific XRD peaks for (b) —(110),
ICP power
(c) —(200), (d) —(211), and (e) —(321) measured
1.15
as a function of ICP power from 0 to 500 W for indirect
ICP assisted sputtering. The phase of W thin film can be
divided into a  phase W related to the BCC structure
and a  phase W associated with the A-15 structure and,
1.10
as shown in Figure 5,  phase W peaks were observed at
40.3 for the (100) and 58.3 for the (200). In addition,
 phase W peaks were also observed at 44 for the (211)
1.05
and 69.7 for the (321). The -W of the BCC structure
is known to have a very low resistivity (24∼50 cm)
compared to that of the A-15 structure (180∼220 cm).
Therefore, higher the  phase W, lower
the resistivity
of 23 Dec 2020 10:20:38
IP: 127.0.0.1
On: Wed,
1.00
the W film, while higher the  phase Copyright:
W, higher the
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531
534
537
phase W changes to the  phase W at a very high temperaBinding energy (eV)

ture (>873 K) [5, 10]. However, as shown in Figure 5, the
Fig. 6. (a) Oxygen atomic percentages and (b) O1s XPS spectra of the
 phase W was converted to the  phase W and the XRD
W thin films deposited as a function of indirect and direct ICP power
peaks related to the  phase W were increased with the
at room temperature. The oxygen percentage data related to the direct
increase of indirect ICP power from 0 to 500 W. Therefore,
ICP assisted DC magnetron sputtering were taken from the Ref. [9].
the decrease of W thin film resistivity with the increase of
indirect ICP was believed to be related to the increase of
 phase in the W film similar to the W thin film deposited
The decreased oxygen percentage by the increased Ar+
by the direct ICP assisted DC magnetron sputtering [9].
ion flux could be responsible for the change of W thin
It is known that high oxygen in the deposited W thin
film structure from  phase W to the  phase W with
film tends to form an A-15 structure by forming W3 O
the increase of ICP power as shown in Figure 5. Thereor WO3 [11]. For the W thin films deposited by the ICP
fore, due to the change of structure from  phase W to
assisted magnetron, the oxygen percentage in the deposited
the  phase W with the decreased oxygen content with
W thin films were investigated by using XPS and the
the increase of ICP power, the resistivity of W thin film
results are shown in Figure 6(a) for the oxygen percentage
should be decreased with the increase of ICP power for
in W thin films and (b) O1s XPS narrow scan data. To
both direct ICP and indirect ICP. However, as shown in
remove oxide formed on the surface during the air expoFigure 4, even though the resistivity was decreased initially
sure, the W thin film surface was sputtered by Ar+ ion
with the increase of ICP power for both direct ICP and
for 5 min in the XPS chamber before the XPS analysis.
indirect ICP, the resistivity was increased with the increase
The oxygen percentage data related to the direct ICP were
of ICP power for the direct ICP while the resistivity was
taken from the Ref. [9]. As shown in Figures 6(a) and (b),
continuously decreased with the increase of ICP power for
the oxygen in the W thin film decreased from 17.6 to 7.9%
the indirect ICP.
(indirect ICP) and to 6.2% (direct ICP) with the increase
For the very thin metal film, the surface roughness
of ICP power for both indirect ICP and direct ICP posof the metallic film can also affect the electrical properties of the film due to the increased impact of electronsibly due to the increased Ar+ ion flux to the substrate
by the increased plasma density with the increase of ICP
surface scattering on electron mobility. When electrons
are scattered to the random direction in the metal film
power in addition to the increased W flux to the substrate.
831
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Fig. 7. RMS surface roughness of W thin films as a function of indirect and direct ICP power. The deposition conditions are the same as those in
Figure 4. The RMS surface roughness data related to the direct ICP were taken from the Ref. [9].

due to the high surface roughness, electrical properties are
degraded because electrons can not easily move along the
electric field as compared to a thin film having a smooth
surface [12]. Figure 7 shows the surface roughness of the
20 nm thick W thin film deposited as a function of direct
and indirect ICP power for the conditions in Figure 4.
For the direct ICP assisted sputtering, the surface roughness was initially decreased from 0.89 to 0.45 nm with
the addition of ICP power of 100 W, however, the further
increase of direct ICP power to 500 W increased the surface roughness to ∼0.76 nm. The initial decrease of RMS
surface roughness by the addition of ICP power might be
related to the enhanced ion bombardment to the substrate
surface by increased ion density by the addition of ICP
832

power. However, the increase of surface roughness with
further increase of ICP power appears to be related to the
increased deposition rate by the increased ion current to
the DC magnetron as shown in Figures 2 and 3, respectively. And, it appears to increase the electrical resistivity
at the ICP power higher than 200 W for the direct ICP
as shown in Figure 4. In fact, the ion current to the DC
magnetron was increased due to the increased plasma density by the ICP source located close to the DC magnetron
(direct ICP). Therefore, to decrease the effect of ICP
source to the DC magnetron while increasing the ion bombardment to the substrate, the ICP source was moved away
from the DC magnetron near to the substrate (indirect
ICP). By using the indirect ICP, after the initial decrease of
Mater. Express, Vol. 10, 2020
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RMS surface roughness due to the enhanced Ar+ ion bombardment to the substrate, due to the no significant increase
in the deposition rate with the increase of the ICP power,
the surface roughness was remaining similar, therefore, the
electrical resistivity could be continuously decreased further with the ICP power for the indirect ICP as shown in
Figure 4.
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