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A multipole magnetic field was used to increase the ion density of an inductively coupled rf~13.5
MHZ! argon plasma for ionized magnetron sputtering of copper~Cu!. Langmuir probe
measurements showed an increase of plasma density over a factor of 2 with the application of the
magnetic field. At an argon pressure of 15 mTorr and a rf power of 600 W, an ion density of 1.2
31012 ions/cm3 was achieved. When this plasma was applied to ionize the magnetron sputtered Cu
vapor, a high emission intensity ratio from the Cu1 ion line to the Cu neutral line was observed from
the optical emission spectroscopy, suggesting a high ionization fraction for the sputtered Cu vapor.
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One of the challenges for the continuous reduction
semiconductor devices to subquarter micron regimes is
uniformly deposit metals~Al, Cu! films into deep trenches
with a high aspect ratio for contact and interconn
applications.1,2 Conventional sputtering becomes insufficie
because of its broad angular distribution of the sputte
atom flux, which leads to pinch-off near the opening of t
trench and void formation in the films during the trench fi
ing.

Recently, ionized sputtering was proposed to solve
aforementioned issues.3–7 In ionized sputtering, a high
density argon plasma is generated between the sputte
target and substrates, and the sputtered metal vapor a
become ionized when they traverse the high-density ar
plasma region. When a negative dc bias is applied to
substrate, the positive metal ions are attracted toward
substrate and deposit on the bottom of the trenches wi
good directionality. At the same time, resputtering by t
metal or argon ions can help to minimize the pinch-off at
top of the trench.

In this letter, we report results of a study using a mu
pole magnetic field to enhance an inductively coupled rf
gon plasma for ionized magnetron sputtering of copper,
cluding Langmuir probe and optical emission spectrosc
measurements of plasma density and Cu vapor ionizatio

The experimental apparatus is shown in Fig. 1. An a
minum chamber of 48 cm diam and 54 cm height was us
The chamber has a base pressure of 831027 Torr. A dc-
magnetron sputtering source was installed from the top of
chamber. The Cu vapor was produced by sputtering of a
target of 5 cm diam. A rf antenna was installed from the t
of the chamber and located approximately 5 cm below
sputtering source. The antenna, consisting of one and
half turns of aluminum tubing~outside diameter 6 mm!, has
a diameter of approximately 15 cm.

A multipole magnetic field was produced by a set
alternating rows of north and south pole permanent cera
magnets placed around the circumference of an alumin
ring ~25 cm diam! inside the vacuum chamber. Each row
composed of four permanent magnets~diameter and length
of 2.5 cm, and 1 kG at the surface!. A total of 12 rows were
used. The alternating rows of magnets generate a line c
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magnetic configuration in which the magnetic-field streng
B is a maximum near the magnets and decays rapidly w
distance into the chamber. Hence, most of the plasma
ume is virtually field free.

The argon plasma densities were determined by usin
rf compensated Langmuir planar probe, which was locate
the center of the multipole magnetic ring and about 4
below the rf coils. The ion densities were calculated from
ion saturation currents of theI –V traces from the probe mea
surements. The optical emission spectra were recorded
using a 0.5 M scanning spectrometer with a photodiode
ray. The emission was collected by a 2.5 mm optical fib
through a quartz viewport looking at the center of the a
tenna. A 1200 groove/mm grating~0.02 nm resolution!, was
used to disperse the light.

Figure 2 compares the ion densities as a function o
power for argon plasma with and without the multipole ma
netic field. An argon pressure of 15 mTorr was used for
the measurements. Without the multipole magnetic field,
shown by the lower curve in Fig. 2, the ion density of t
argon plasma at 100 W is about 1.331011 ions/cm3, and it
increases slowly with rf power. When the multipole ma

FIG. 1. A schematic drawing of the apparatus used for this study.
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netic field is used, the plasma intensity significantly
creases. This is indicated by a marked intensification of
ible light emission and confirmed by Langmuir prob
measurements.

The argon ion densities versus rf power with the mu
pole magnetic field are represented by the top curve in Fig
At 100 W, the plasma density increases to about
31011 ions/cm3, which is about 2.5 times larger compared
that of the plasma without the magnetic field. At 400 W, t
ion density reaches approximately 8.231011 ions/cm3,
which is about four times larger than that without the ma
netic field.

Previous investigators have shown that plasma ion d
sities of 5 – 1031011 ions/cm3 can be generated by using tw
turns of rf coils at power ranging from 200 to 500 W and
argon pressure around 20 mTorr.4,5 In this study, the plasma
density is around 331011 ions/cm3 under similar conditions
without applying the magnetic field.

The increase of the rf argon plasma density with
application of the multipole magnetic field is believed to
mainly caused by the confinement of energetic electron
the multipole magnetic field. It has been reported that hi
energy electrons in a hot filament Ar plasma can be eff
tively confined by using a magnetic field.8 As these energetic
electrons are directly responsible for Ar ionization, their e
hanced confinement yields an increase in Ar plasma den
Another factor that may also contribute to the increase of
plasma density is the reduction of the plasma volume w
the multipole magnets are used.

Figure 3 shows the densities of argon plasma at differ
argon pressures versus rf power when the multipole mag
were used. These results are similar to previous observa
by different research groups.3,4 The ion density increase
with rf power and argon pressure.

Optical emission spectroscopy was used to make a qu
tative estimate of how the ratio of Cu ions to Cu neut
concentration varies as discharge parameters vary. This
proach has been used in similar studies to make Cu ion
tion fraction estimates.9 In general, the intensity of a give
emission line is proportional to the concentration of the s
cies and the excitation rate of the transition in question. T
ratio of intensity of a copper ion line to a copper neutral li
is then proportional to the ionization ratio, provided the ra
of the excitation rates is constant over the range of discha

FIG. 2. Comparison of argon ion densities from Langmuir probe meas
ments as a function of rf power with and without a multipole magnetic fie
The measurements were taken at an Ar pressure of 15 mTorr.
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conditions of interest. The constancy in the ratio of the e
citation coefficients over a range of operating conditions p
vails if the electron energy distribution function does n
vary.

In this investigation, the electron energy distributio
function is assumed to be constant with the changes in po
at constant pressure. This assumption is based on the
form density discharge model, which asserts that the elec
energy distribution is independent of both plasma den
and input power.10 This assumption is further supported b
Langmuir probe measurements, which indicate that the e
tron temperature does not vary appreciably with increas
discharge power at fixed pressure.

For this study, the light-emission intensity ratio of th
copper ion line at 213.6 nm to the copper neutral line
216.5 nm is used as a measure of the variation in the ion
tion fraction of sputtered copper as a function of rf excitati
power. Figure 4 shows a plot of the variations in the em
sion intensity ratio of the copper ion line to the copper ne
tral line at a magnetron sputter power of 300 W as a funct
of rf power at 10 and 20 mTorr. Both curves demonstrate
increase of the emission intensity ratio with rf power at fix
Ar pressure, suggesting a higher ionization fraction of

e-
.
FIG. 3. Ion densities of argon plasma as a function of rf power at ar
pressures of 2, 5, 15, and 40 mTorr. A multipole magnetic field was u
during these measurements.

FIG. 4. A plot of the emission intensity ratio from the Cu1 ion line ~213.5
nm! and Cu neutral line~216.5 nm! as a function of rf power at pressures o
10 and 20 mTorr, respectively.
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vapor at larger rf power. As the electron temperature of
Ar plasma is assumed to be constant with the rf powe
fixed pressure indicated from the Langmuir probe meas
ments, the increase of the ionization fraction of Cu vapo
ascribed entirely to the enhancement of electron densit
higher rf power, as shown in Fig. 3.

The ratio of emission intensity increases with Ar pre
sure at fixed rf power, as shown in Fig. 4, indicating a larg
ionization fraction of Cu vapor at higher Ar pressure. This
consistent with the observations from other groups where
metal vapor ionization fractions were determined by using
energy analyzer or a microbalance.4,5 Although electron tem-
perature is expected to decrease as Ar pressure increase
increase of electron density at higher Ar pressure~Fig. 3! is
expected to offset any electron temperature reduct
thereby, yielding the observed net increase in the Cu va
ionization fraction.

In summary, a multipole magnetic field was demo
strated to enhance the intensity of an inductively couple
argon plasma for ionized sputtering of Cu. Confinement
energetic electrons by the multipole magnetic field is
1624 Appl. Phys. Lett., Vol. 71, No. 12, 22 September 1997
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lieved to be the main cause for the enhancement of pla
density. The optical emission measurements showed a
emission intensity ratio from the Cu1 ion line and Cu neutral
line.
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