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In this work, the dependences of the absolute density distribution of sputtered Cu atoms were
investigated systematically on the input power and the gas pressure by laser-induced
fluorescence (LIF). The sputtered Cu atoms were mainly distributed in the region adjacent to
the target surface when the gas pressure was below 3 mTorr. The peak position of the density
distribution was dependent on the discharge conditions. With increasing the gas pressure, the
peak position moved toward the downstream area separated from the target. The distance
between the peak position and the target was as far as 6 cm at a pressure of 10 mTorr and a
discharge power of 50 W. The absolute Cu atom density in the vicinity of the target was 1.6
X 10" cm™ at 3 mTorr and 50 W, while they reached 9.9 X 10" cm™ at 50 mTorr and 50 W.
The mechanism for the movement of the peak position will be investigated continuously in

the future study.
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1. INTRODUCTION

Sputter deposition using magnetron plasma sources
is frequently used in fabricating magnetic devices
having multilayered structures of magnetic and
non-magnetic metals [1-6] and in depositing thin
metallic films such as Cu and Al for catalysts and
semiconductor wiring [7-10], after their developments in
the late 1970’s [11-13]. Because of its magnetic field, a
magnetron sputtering source can trap electrons in the
vicinity of the cathode to generate high density plasmas.
Ions in the plasma are accelerated toward the cathode by
the sheath electric field, causing atoms of the cathode
material to be sputtered and secondary electrons to be
emitted. These secondary electrons enter the trapping
region and cause sufficient ionization to maintain the
discharge. The combination of high sputtering rates at
moderate voltages and reduced scattering of sputtered
atoms at low operating pressures allow high deposition
rates to be realized in the magnetron sputtering
deposition. However, the non-uniformity of the
magnetic field causes the sputtering rate to vary
considerably across the diameter of the cathode. Thus,
non-uniform thickness distributions were produced in
the deposited films on the substrate, which was
attributed to the different angular distribution of the
sputtered atom density [14-16]. Although the
non-uniform erosion shape of the target and the
non-uniform thickness distribution of the film were
investigated in details, few studies were performed for
investigating the density distribution of sputtered atoms
in magnetron sputtering plasmas, which directly
influences the uniformity of the deposited films.

In this study, two-dimensional laser-induced
fluorescence (2D-LIF) was utilized to visualize the
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distribution of Cu atom density in magnetron sputtering
plasmas, 2D-LIF has a high sensitivity and a high spatial
resolution. It is, however, impossible to derive the
absolute Cu atom density from the 2D-LIF signal with
no calibration. In this measurement, we used ultraviolet
absorption spectroscopy using a hollow cathode lamp
for determining the absolute Cu atom density.

2. EXPERIMENT

A schematic diagram of the experimental setup for
2D-LIF is shown in Fig. 1, which consists of a tunable
optical parametric oscillator (OPO) ‘and a magnetron
sputtering system. The OPO laser had a linewidth of
approximately 1 pm at a wavelength of 324.75 nm. The
laser beam passed through two cylindrical lenses, which
arranged the laser beam to be a planar shape with 80 mm
in width and 1 mm in thickness. This planar laser beam
crossed through the plasma and excited Cu atoms on its
pathway. The transition for excitation employed here
is 2Py,-2Sy, at 324754 nm, - which induced the
fluorescence at 510.55 nm (the 2P3,-2Ds;, transition).
The image of the fluorescence formed on the planar
laser beam was taken by a gated CCD camera with an
image intensifier. The tone of the picture taken by the
camera represented the two-dimensional
distribution of the Cu atom density.

A dc-magnetron sputtering source was used for
generating plasmas in a cylindrical chamber with a
diameter of 300 mm and a length of 260 mm. Circular
permanent magnets were located behind a planar Cu
target with 50 mm in diameter and 2 mm in thickness.
The magnetic field strength on the surface of the target
was approximately 60 mT, which was measured at a
radial distance of 15 mm where the magnetic field was
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Fig. 1 Schematic diagram of the experimental setup for
2D-LIF measurement.

parallel to the target surface. The chamber was filled
with Ar gas at pressures from 1 to 100 mTorr after the
evacuation using a turbo molecular pump.

3. RESULTS AND DISCUSSION

There were different combinations of the curmrent
and the voltage for different gas pressures (Pg) although
the dc power (P4) was fixed at the same value. For
example, at Py=30 W, the current and the voltage were
0.08 A and 375 V at P,=3 mTorr, respectively, while
they were 0.1 A and 300 V at P,=50 mTorr. In the
present work, we investigated the spatial distribution of
the Cu atom density as functions of the gas pressure and
the discharge power. However, it is noted that the
energies of sputtered atoms may be affected by the
energy of sputtering ions which is determined by the
sheath potential and multiple collisions in background
Ar gas. The sheath potential and collisions are
dependent on the discharge voltage and the gas pressure,
respectively.

A typical distribution of the absolute Cu density is
shown in Fig. 2, which was obtained at P,=3 mTorr and
P4=50 W. The origin of the -z plane (r and z are the
radial position and the distance from the target,
respectively) is the center of the target surface. This
distribution had a high-density area adjacent to the target
surface. The peak value of the absolute Cu density in the
vicinity of the target was 1.6x10'° cm™. The Cu density
decreased monotonically with the distance from the
target along the cylindrical axis, and it was 3.5x10° cm™
at z=7 cm. The Cu density at z=0 c¢m and r=+4 cm was
close to zero. This may be because Cu atoms are ejected
into the chamber rather vertically. The mean free path
at 3 mTorr is estimated to be approximately 20 mm. The
high-density area may be thus formed near the target
surface.

The measurement was repeated in the pressure
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Fig. 2 Spatial distribution of the Cu atom density observed
at a discharge power of 50 W and a gas pressure of
3 mTorr.

range from 1 to 100 mTorr. As a result, it was found that
not only the absolute density but also the distribution
changed with the gas pressure significantly. Figure 3
shows the distribution of the Cu atom density observed
at P;=50 mTorr and Py:=50 W. The 1peak value of the
absolute Cu density was close to 1x10™ cm™, which was
much higher than the Cu density at 3 mTorr. The Cu
atom density in the vicinity of the target surface (1x10"
cm™) was lower than the peak value, but it was six times
higher than the Cu density observed at 3 mTorr at the
same position. The higher Cu atom density at the higher -
gas pressure is attributed partly to limited diffusion.

We should emphasize here the fact that the peak
position of the density distribution was separated from
the target surface. The peak position at 50 mTomr was
located at z=3 cm as shown in Fig. 3. Since the source of
Cu atoms is the target surface, the distribution of the Cu
atom density shown in Fig. 3 is mysterious. An
explanation for such distribution is spatial distribution of
the speed and/or the temperature of Cu atoms. If there
are spatial distributions of the speed and/or the
temperature, the distribution of the Cu atom density
shown in Fig. 3 is understood reasonably by considering
the fransport with a constant flux However,
experimental results on the spatial distribution of the
sputtered atom speed suggest that Cu atoms are almost
stationary in the entire observation space when the gas
pressure is 50 mTorr [17]. This is reasonable since the
mean free path is approximately 1.2 mm at 50 mTorr.
Therefore, the distribution shown in Fig. 3 cannot be
explained by the transport with a constant flux.

In the experiment, the peak position was
dependent on the discharge conditions. At a low gas
pressure such as 3 mTorr, the peak position was adjacent
to the target surface as shown in Fig. 2. With increasing
the gas pressure, the peak position moved from the
target surface toward the downstream region gradually.
The distance between the peak position and the target
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Fig. 3 The same as Fig. 2 but the gas pressure was 50 mTorr.

surface reached the maximum value of 60 mm at 10
mTorr. At gas pressures higher than 10 mTorr, the peak
position moved toward the target surface again. The
peak position was also a function of the discharge power,
and the distance between the peak position and the target
surface was longer at a higher discharge power. Further
investigation is necessary to find a reasonable
explanation for the peak position separated from the
target surface.

Figure 4 shows the absolute Cu atom density at
P,=50 mTorr as a function of the discharge power. The
Cu atom densities at four distances from the target are
plotted. As shown in the figure, the Cu density increased
with the discharge power significantly. This increase
may be caused by the increase i the plasma density and
by the increase in the irradiation energy of ions toward
the target. The increase in the plasma density means the
increase in the number of ions toward the target, and the
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Fig. 4 Absolute Cu atom density at various distances from
the target as a function of the discharge power. The
gas pressure was fixed at 50 mTorr.
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higher irradiation energy of ions induces higher
sputtering yield per an ion. It is noted that the increase in
the Cu density is steeper at longer distances from the
target, indicating the change of the spatial distribution of
the Cu density with the discharge power.

Figure 5 shows the dependence of the absolute Cu
density on the gas pressure at the same positions as those
in Fig. 4. The discharge power was fixed at P4.=50 W.
The Cu density increased with the gas pressure, which is
attributed partly to the increase in the plasma density
with the gas pressure. It is noted that the discharge
voltage decreased with the gas pressure at the constant
power of Py =50 W, indicating that the sputtering yield
per an ion decreased with the gas pressure. Considering
the significant increase shown in Fig. 5, there would be
another mechanism for the enhancement of the Cu
density in high-pressure plasmas. As mentioned above,
the vicinity of the target had the highest Cu density at a
low gas pressures below of 3 mTorr. The increase in the
Cu density with the gas pressure was steeper in the
longer distance from the target, resulting in the
movement of the peak position of the Cu atom density
from the target surface toward the downstream region.
The Cu densities in the downstream region (3 and 5 cm)
were saturated at gas pressures above 40 mTorr, while
the Cu densities at z=0.2 and 1 cm continued to increase,
indicating the movement of the peak position toward the
target. The decrease or the saturation of the Cu density
in thé downstream region may be due to limited
diffusion of sputtered Cu atoms in the high gas pressure.

4. CONCLUSIONS

The dependence of the absolute density distribution
of sputtered Cu atoms in magnetron sputtering plasmas
was investigated on the gas pressure and the dc power
systematically. The absolute Cu density ranged from 10°
to 10" cm™, depending on the position and the discharge
conditions. The Cu density increased with both the
discharge power and the gas pressure, which may be
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Fig. 5 Absolute Cu atom density at various distances from
the target as a function of the gas pressure. The
discharge power was fixed at SO W.
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related to the change in the plasma density and the
irradiation energy of ions to the target. The local Cu
density was also affected by the change in the spatial
density distribution. We found that the peak position of
the Cu density was adjacent to the target surface at low
gas pressures below 3 mTorr. The peak position moved
toward the downstream region with increasing the gas
pressure from 3 to 10 mTorr. The distance between the
peak position and the target surface was 60 mm at a gas
pressure of 10 mTorr and a discharge power of 50 W. At
gas pressures above 10 mTorr, the peak position moved
toward the target surface. The mechanism for the peak
position separated from the target surface has not been
understood well, and further investigations on the
kinetics and transport are necessary to understand the
spatial distribution of the Cu atom density. Although we
do not understand everything, we believe that the
present experimental results are helpful to optimize thin
film deposition using magnetron sputtering sources.
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