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1. INTRODUCTION

Present-day ULSI technology requires the metalli-
zation of submicron-size vias and trenches with an
aspect (depth-to-width) ratio of 2–5. The use of magne-
tron sputtering for this purpose encounters serious dif-
ficulties. The flow of sputtered metal is almost com-
pletely atomic. The angular distribution of sputtered
atoms is approximately described by a cosine function.
When filling high-aspect-ratio submicron structures,
this nearly isotropic distribution of metal atoms results
in the formation of an overhang at the entrance to the
structure and a void inside it. In order for the filling to
be conformal, it is necessary that the majority of inci-
dent particles be accelerated perpendicular to the sub-
strate surface. The broad angular spectrum of sputtered
atoms can be narrowed with a collimator (a plate with
holes of definite depth-to-diameter ratio) that is placed
between the target and substrate [1]. A disadvantage of
this method is that the collimator decreases the deposi-
tion rate, which, in addition, varies with time because
of the shrinking of the holes due to the metal deposition
on their walls. Moreover, this technique fails to provide
a high-quality metal coating for structures with opening
diameters less than 0.25 

 

µ

 

m and aspect ratios larger
than 3.

This problem can be resolved by ionizing the sput-
tered metal atoms because the motion of the produced
ions can be controlled by the external magnetic field or
the electric field in the sheath near the substrate.

One of the possible methods for ionizing metal
atoms is to combine a magnetron source with an induc-
tively coupled discharge source.

One- to three-turn RF antenna is placed between the
magnetron and substrate. The antenna is powered at
13.56 MHz to produce an inductively coupled plasma.
The atoms of the sputtered metal are ionized during
their motion from the magnetron target to the substrate.
The degree of ionization of the sputtered metal attains
30%, and the fraction of metal ions (whose velocities
are much higher than the atom velocity) in the total flux

ranges from 20% at a pressure of 5 mtorr to 80% at a
pressure of 50 mtorr [2–5]. There is an optimum ratio
between the powers of the magnetron discharge and the
inductively coupled discharge. At high magnetron pow-
ers such that the density of the metal atoms is higher
than the argon density, the quality of the metal coating
decreases. Since the ionization energies of copper and
aluminum are lower than that of argon, the presence of
a large amount of metal atoms reduces the plasma tem-
perature and, consequently, the ionization rate.

Another method is based on the use of a microwave
electron-cyclotron resonance (ECR) discharge, in
which the plasma is produced in a magnetic field due to
the strong absorption of microwave radiation under the
ECR conditions. In such a discharge, a plasma with a
density higher than 

 

10

 

11

 

 cm

 

–3

 

 and degree of ionization
of metal atoms from 30 to 90% can be created at pres-
sures of several mtorr [6–8].

In this paper, the spatial distributions of the xenon
plasma parameters behind an aluminum target and the
influence of sputtered metal atoms on these parameters
are studied using probe and spectroscopy techniques.
We note that metal plasma is difficult to investigate
because the probe measurements are hampered by coat-
ing the probe insulator with metal, whereas the optical
methods for measuring the electron temperature and
atom density do not provide good accuracy.

2. EXPERIMENTAL SETUP AND DIAGNOSTIC 
TECHNIQUES

We carried out experiments on the sputtering of an
aluminum target in a plasma source based on a micro-
wave ECR discharge in a hybrid magnetic field. A sche-
matic of the experimental facility is shown in Fig. 1.
A detailed description of it is given in [9]. The vacuum
chamber consists of a plasma source (15 cm in diameter
and 25 cm long) and a reactor (35 cm diameter and
60 cm long). The working gas is xenon. The magnetic
field is produced by three electromagnets and twelve
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permanent Sm–Co magnets. The axial profile of the
magnetic field at a current of 210 A is shown in Fig. 2.
This profile allowed us to produce a plasma with a den-
sity higher than 

 

10

 

11

 

 cm

 

–3

 

 at a distance of 40 cm from
the source. A hollow 5-cm-long aluminum cylinder
with an inner diameter of 8 cm served as a target. The
cylinder was enclosed by an insulated stainless steel
shield and was placed at a distance of 15 cm from the
source (40 cm from the quartz window through which

the microwave power was supplied). The incident,
absorbed, and reflected powers were measured using a
wattmeter. Coating the entrance window with a sput-
tered metal over ten hours of device operation only
slightly affected the reflected power. The power sup-
plied to the target was varied within the 200–400 W
range. A 120-mm-diameter quartz substrate with a
7-mm-hole for fixing a probe was placed at a distance
of 20 cm from the target. The third electromagnet was
set in such a way that its magnetic field lines were nor-
mal to the substrate.

The efficiency of ionization of metal atoms depends
on the atom and electron densities, electron energy, and
the presence of metastable atoms of the plasma-form-
ing gas. The electron temperature, electron energy dis-
tribution function, ion density, floating probe potential,
and plasma potential were determined from probe mea-
surements. Most of the measurements were taken with
cylindrical probes because they are less sensitive to
metal dusting. The probe tip was made of a tungsten
wire 0.35 mm in diameter and 6 mm long. To reduce the
influence of the magnetic field, the probe tip was set
normal to the magnetic field lines. The probe tip was
encased in ceramic (0.6 mm i.d.) and quartz (5 mm i.d.)
tubes to prevent an electric short circuit. Before mea-
suring the current–voltage (

 

I–V

 

) characteristic, a volt-
age of –80 V was applied to the probe in order to clean
it by ion bombardment. A 3-mm-diameter disc-shaped
plane probe was used to measure the ion density at the
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 Schematic of the experimental apparatus.
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 Magnetic field produced by the electromagnets at

 

I

 

magn

 

 = 210 A and 

 

r

 

 = 0 cm.

 tube



 

PLASMA PHYSICS REPORTS

 

      

 

Vol. 27

 

      

 

No. 7

 

      

 

2001

 

IONIZATION OF SPUTTERED METAL ATOMS IN A MICROWAVE ECR PLASMA SOURCE 627

 

discharge axis. The magnetic field in the measurement
region behind the target was less than 150 G.

The 

 

I–V

 

 characteristics were recorded with the help
of CAMAC modules and a special computer code. The
recording system consisted of a digital-to-analog con-
verter, a voltage amplifier (with an output voltage range
from –80 to +80 V at an output current of up to 500 mA
and a voltage rise time of up to 10 V/

 

µ

 

s), a measure-
ment unit, an analog multiplexer, and an analog-to-dig-
ital converter (

 

f

 

 = 1 MHz). The probe 

 

I–V

 

 data included
up to 640 points (voltage–current pairs, each of them
being an average over ten measurements) and was
recorded in a time less than 5 s. A built-in graphic pro-
gram permitted us to monitor and select the data
obtained.

The 

 

I–V

 

 data obtained were smoothed with cubic
splines; then, the first and second derivatives of the
probe current were calculated to determine the plasma
potential 

 

V

 

s

 

 and the electron energy distribution func-
tion (EEDF) 

 

f

 

(

 

E

 

)

 

, respectively. The electron tempera-
ture 

 

T

 

e

 

 was determined from the slope of the logarithm
of the probe electron current versus voltage to the left
of the plasma potential.

Without sputtering, the plasma density was deter-
mined from the ion saturation current using the tech-
nique proposed in [10]. However, the ion saturation
current of a cylindrical probe changes due to formation
of a sheath. In this case, the ion current was determined
by the formula 

 

 = 

 

S

 

(

 

kT

 

e

 

/2

 

π

 

M

 

Xe

 

)

 

1/2

 

i

 

i

 

, where

 

M

 

Xe

 

 is the xenon ion mass, 

 

S

 

 is the probe area, 

 

e

 

 is the
electron charge, 

 

k

 

 is the Boltzmann constant, and 

 

T

 

e

 

 is
the electron temperature. The values of the correction
coefficient 

 

i

 

i

 

, which depends on the 

 

r

 

/

 

λ

 

D

 

 ratio (where

 

λ

 

D

 

 is the Debye radius), and the dimensionless poten-
tial 

 

X

 

 = 

 

e

 

(

 

V

 

s

 

 – 

 

V

 

p

 

)/

 

kT

 

e

 

 (where 

 

V

 

s

 

 and 

 

V

 

p

 

 are the plasma
and probe potentials, respectively) were taken from
[10]. The obtained density values agree within a 30%
accuracy with those derived from the ion saturation
current of a plane probe by the formula 

 

 =

0.61

 

S

 

(

 

kT

 

e

 

1

 

/

 

M

 

Xe

 

)

 

1/2

 

.

With sputtering, the probe also collects metal ions.
Hence, taking into account the Bohm formula for the
ion velocity, the ion current to a plane probe is

 

 = 0.61

 

eS

 

 + 

 

,

where  is the density of Al ions. This formula was

used to estimate the value of  from the difference

between the ion currents with and without target sput-
tering. The measurements show that the electron tem-
perature 

 

T

 

e

 

2

 

 and the intensity of the Xe ion emission
decrease by several percent on applying the voltage to
the target. Assuming that the Xe ion density does not
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change, the difference between the ion currents in the
discharge with and without applying the voltage to the
target is equal to the Al ion current. The density of Al
ions was calculated by the formula

Due to the influence of the magnetic field, the elec-
tron density 

 

n

 

e

 

 determined from the electron current at
the probe under the plasma potential is lower by a fac-
tor of 2.5–3. On the other hand, the value of  can

also be estimated from the ratio between the electron
densities measured with and without applying voltage
to the target.

The plasma emission spectra were studied with the
help of a monochromator. The emission could be
observed from the regions located at a distance of
10 cm in front of the target and 10–20 cm behind the
target and also through the source entrance window
using an optical fiber (Fig. 1). The atom and electron
temperatures were determined using a Fabry–Perot
interferometer (FPI), which was placed in front of the
monochromator. A vidicon with an electron-optical
converter was used as a detector.

3. RESULTS AND DISCUSSION

Measurements were carried out in xenon plasma at
electromagnet currents of 210 A, which corresponded
to a magnetic field induction of 

 

B

 

w

 

 = 960 G near the
quartz window. It was shown in [11] that, within an
8-cm-diameter region where the target was situated, the
discharge plasma in such a field was rather dense, but
spatial variations in the plasma density attained 40%.

Figure 3 presents the ion current (squares) measured
by a probe located at a distance of 12 cm from the target
in the center of the discharge and the target current (cir-
cles) as functions of the microwave power. The ion cur-
rent increases proportionally to the microwave power
and does not saturate at high powers. The target current

 

I

 

targ

 

 and the intensity 

 

J

 

 of the Al 396.1-nm spectral line
versus the target voltage 

 

U

 

targ

 

 are shown in Fig. 4. The
rapid increase in the target current is followed by its
saturation at 

 

U

 

targ

 

 > 200 V. The intensity of Al line emis-
sion increases linearly until 

 

U

 

targ

 

 = 500 V; then, the
growth rate decreases. Such a dependence is explained
by the fact that the metal sputtering yield increases
within the 100–500 V voltage range.

The current–voltage characteristics measured with a
plane probe located at the chamber axis behind the Al
target, at a distance of 15 cm from it, with and without
target sputtering are shown in Fig. 5. The characteris-
tics are easily reproducible. The ion (see the inset in
Fig. 5) and electron currents are seen to increase on
applying the voltage to the target. Note that the average
density of the target ion current is approximately half of
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the probe ion current. The erosion of the target indi-
cates that the current is distributed nonuniformly over
the target, being higher at its forepart. In addition, the
plasma density at the chamber axis is higher than at
r = 4 cm, where the target is located. The density

 derived from the ion current without applying the

voltage to the target is 6.3 × 1011 cm–3. The density of
aluminum ions  derived from the difference

between the ion currents using the procedure described
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Fig. 5. Current–voltage characteristics of a probe placed at a distance of 15 cm from the Al target with (heavy curves) and without
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above is 3 × 1010 cm–3. On applying the voltage, the
electron temperature changes only slightly (from 2.6 to
2.5 eV).

The pressure dependences of the discharge parame-
ters behind the target, at a distance of 15 cm from it, are
shown in Fig. 6. It is seen that the xenon ion density
reaches its maximum at a pressure of 2.5 mtorr and then
decreases. Note that the xenon ion density in this region
is determined mainly by the plasma flow from the
source, rather than local ionization. The ionization rate
in the source is proportional to the pressure and the ion-
ization rate constant, which depends on the ionization
cross section and electron energy distribution function.
At low pressures, the plasma density decreases due to
the low density of neutral atoms; at high pressures, it
decreases due to the decrease in the electron tempera-
ture. Downstream from the source, the plasma density
profile is affected by ion–neutral collisions. As a result,
the maximum plasma densities in the source and reac-
tor are attained at different pressures [11]. In contrast,
the Al ion density is determined by local ionization.

The mean free path for the ionization of aluminum ions
is equal to λi = uAl/〈σiνe〉ne, where uAl is the velocity of

sputtered aluminum atoms, ne〈σiνe〉 = (E)dE, σi is

the ionization cross section, and Ei is the ionization
energy. As the pressure increases, the velocity of sput-
tered Al atoms decreases due to collisions with Xe
atoms (thermalization effect), which compensates for
the decrease in the electron temperature. Furthermore,
the increase in the pressure increases the probability of
Al ionization due to nonresonant charge transfer.

Both the plasma potential and the absolute value of
the floating potential (Fig. 6b) decrease with pressure
because of a decrease in the number of high-energy
electrons. When the voltage is applied to the target, the
electron temperature decreases by only several percent
because the metal ion density is no higher than 10% of
the xenon ion at the given sputtering powers.
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Figure 7a shows the ion currents versus the distance
from the substrate with (closed circles) and without
(open circles) sputtering. The target is at a distance of
20 cm from the substrate. It can be seen that the differ-
ence between these currents and the Al ion density both
increase with distance. This is obvious because ioniza-
tion probability increases with the path length. The
xenon density slightly decreases with distance from the
target. Figure 7b shows the plasma potential Vs , float-
ing potential Vf, and electron temperature versus the
distance from the substrate. On applying the voltage to
the target, the plasma potential Vs decreases by 1–2 V,
the floating potential Vf becomes more negative, and
both the difference Vs – Vf and Te slightly decrease. It is
known that, when the electron energy distribution is
Maxwellian, the difference Vs – Vf and Te are related by
the formula Vs – Vf = (Te/2)ln(Ies/Iis), where Ies and Iis

are the electron and ion saturation currents. Under the
given conditions, the electron temperature Te derived

from this formula is lower than that determined from
the V–I characteristic, because the magnetic field sup-
presses the electron current. Note that the low value of
the plasma potential is explained by the fact that the
plasma is confined in the transverse direction by the
magnetic field and in the longitudinal direction by the
electric field of the substrate, which is at the floating
potential. The plasma potential, which depends slightly
on the radius, decreases from 8.5 to 6 V on applying the
voltage to the target (Fig. 8a). The floating potential Vf

is negative and depends on the radius. The difference
Vs – Vf reaches its maximum (19 V) inside the target
(|r| < 4 cm), where the high-energy electrons are
located. At the periphery, the difference Vs – Vf falls to
11–12 V. Figure 8b shows the radial profiles of the ion
current at a distance of 15 cm from the target. Within
the 8-cm-diameter region, the radial drop in the ion cur-
rent changes from 40 to 20% when the sputtering volt-
age is turned on.
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Figure 9a presents the nonnormalized EEDF f(E).
The area below the curve is proportional to the electron
density. When the voltage Utarg is applied to the target,
this area increases by 10%. The distribution function
increases mainly in the low-energy region, and the

mean electron energy Emean = EdE changes

only slightly (from 4.5 eV at Utarg = 0 to 4.3 eV at Utarg =
510 V). The electron energy probability functions

(EEPF) obtained by dividing f(E) from Fig. 9a by 
[12] are shown in Fig. 9b on the logarithmic scale. For
comparison, the figure also shows an analogous proba-
bility function for a Maxwellian electron energy distri-
bution. This function is convenient because, for a Max-
wellian distribution, its logarithm depends linearly on
the electron energy. Due to inelastic collisions with
atoms and ions, the number of electrons with energies
higher than 10 eV is depleted as compared to a Max-
wellian distribution. Moreover, with the sputtering
power turned on, the high-energy tail of the EEDF
decreases more rapidly. This is related to the presence
of metal atoms in the discharge. The excitation and ion-
ization energies of Al (~3 and 5.98 eV, respectively) are
lower than those of Xe (~10 and 12.13 eV, respec-
tively), whereas the cross sections for electron-impact
excitation and ionization of Al are higher than those of
Xe. As a result, the number of high-energy electrons
and the line emission intensities of Xe atoms and ions
decrease. Furthermore, the difference between the
plasma potential Vs and the substrate floating potential
Vf can be regarded as a potential barrier through which
only electrons with sufficiently high energies can pass.
Due to plasma quasineutrality, the value of this barrier
is established at such a level that the electron and ion
fluxes toward the substrate balance each other. When
the number of high-energy electrons that are able to
overcome this barrier decreases, the balance between
the electron and ion fluxes is violated. In order for the
electron flux to increase, the difference Vs – Vf should
decrease, as is observed in the experiment.

The plasma emission spectrum behind the target is
shown in Fig. 10a. As the distance from the target
increases from 5 to 17 cm, the ratio between the inten-
sities of the Al+ 390.1-nm and Al 396.1-nm lines
increases from 0.02 to 0.1. For reference, Fig. 10b
shows the plasma emission spectrum in the source. It is
seen that the ion lines are dominating, which indicates
a high degree of Xe ionization. The relative intensities
of the Al lines decrease as the distance from the target
increases. However, the ratio between the intensities of
the Al+ 390.1-nm and Al 396.1-nm lines increases.
Thus, the degree of ionization increases with distance
both upstream and downstream from the target.

Now, we make some estimates that cannot be con-
sidered completely accurate because of the large scatter
in the data available in the literature. Nevertheless, they

1
ne

---- ∞ f E( )
0

∞

∫

E

provide a good idea of the order of magnitude of the
estimated values. According to measurements [13], the
most probable energy of sputtered Al atoms is Eprob =
3 eV, which corresponds to the velocity uAl = 4.6 ×
105 cm/s. Taking the value of σi from [4] and the values
ne = 6.3 × 1011 cm–3 and Te = 2.5 eV measured at p =
2.5 mtorr, we obtain that the mean free path with
respect to ionization is λi ≈ 105 cm. Then, according to
the formula /nAl = 1 – exp(–z/λi), about 13% of Al

atoms will be ionized over the path length z = 15 cm.
Using the above value  = 3 × 1010 cm–3, we obtain

that the Al atom density is nAl = 2 × 1011 cm–3.
The rate of metal film deposition depends on the

atom and ion fluxes. The flux of Al ions is  =

0.61 . The velocity of ions arriving at the sub-

strate is determined by the Bohm formula  =

(kTe/MAl)1/2 = 2.95 × 105 cm/s; hence,  = 5.5 ×
1015 cm–2 s–1. The flux of Al atoms is ΓAl = 0.25nAluAl .
The atom and ion temperatures were determined using
an FPI and a vidicon as a detector (Fig. 1). The mea-
sured temperatures of Xe atoms and ions were 0.05 and
0.4 eV, respectively. The temperature of Al atoms was
not measured. At the given pressure, the mean free path
of Al atoms between collisions with Xe atoms is equal
to 3.5 cm. At a distance of 15 cm from the target, the
most probable energy of Al atoms after four collisions
is (1 – q)4Eprob = 0.11 eV, where q = 4MAlMXe/(MAl +
MXe)2 is the energy fraction lost by an Al atom per col-
lision. Then, we have uAl = 0.9 × 105 cm/s; the flux
ΓAl ≈ 4.5 × 1015 cm–2 s–1; and the relative contribution
of ions to the total flux, /(  + ΓAl), is 55%.

4. CONCLUSION

The spatial distribution of the degree of ionization
of metal sputtered with a microwave ECR discharge
has been studied using the probe and optical emission
spectroscopy techniques. The study is aimed at devel-
oping a system for the metallization of submicron
ULSI structures.
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