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Abstract
The transverse temperature of sputtered aluminium atoms in an electron
cyclotron resonance discharge has been calculated from the shapes of their
Doppler broadening emission lines, which were measured with a pressure
scanning Fabry–Perot interferometer. This temperature decreases from 0.8
to 0.28 eV at a distance of 15 cm from the Al target when krypton pressure
rises from 0.4 to 4 mTorr. For discharge in argon aluminium temperature
falls from 0.5 to 0.18 eV for the same condition.

1. Introduction

The ionized physical vapour deposition (IPVD) method is used
to deposit materials into high-aspect ratio integrated circuit
features such as vias and trenches [1–3]. Sputtering produces
a flux of predominately neutral atoms. Anisotropic deposition
by IPVD involves ionizing neutral atoms and collimating the
ions by accelerating through a plasma sheath. The sputtered
atoms are rather energetic—average energy up to 10 eV. The
probability of ionization of the sputtered atoms is proportional
to their residence time in the region between the target and the
sample. This time increases when velocity of sputtered atoms
decreases due to collisions with the buffer gas. The subsequent
thermalization of the metal atom increases the ionized flux
fraction.

The thermalization of sputtered atoms has been
investigated theoretically [4–6] using a number of simplifying
assumptions and approximations but there is a lack of
experimental studies of this problem [7, 8]. In particular, it
is difficult to take into account the rarefaction effect of the
background gas. The collisions of the energetic metal atoms
lead to an increase in the temperature of the inert gas and the
density decrease occurs within the region of thermalization
[9]. In this paper, we measured the transverse temperature of
sputtered aluminium atoms in an electron cyclotron resonance
(ECR) plasma source as a function of pressure.

2. Experimental apparatus

The experiments were performed in a microwave ECR plasma
source. A schematic of the experimental set-up is shown in
figure 1. Its detailed description is given in [10]. 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).
Microwave power for plasma production up to W = 1000 W
(at 2.45 GHz) was introduced into the source via a rectangular
waveguide 90 × 45 mm2 through a quartz window of 2 cm
thickness and 15 cm in diameter. The chamber was evacuated

Figure 1. Experimental apparatus.
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by turbomolecular pump to base pressure 10−6 Torr. The gas
pressure P was measured with the ionization gauge. The
working gas injected into the source through a mass flow
controller located near the microwave window.

The magnetic field was produced by three electromagnets
and 12 permanent Sm–Co magnets. These 12 permanent
magnets, 15 × 20 × 120 mm3 in size with alternative poles,
are positioned around the source. They create a cusp magnetic
field of 875 G at a distance of 1 cm from the wall. A hollow
5 cm long aluminium cylinder with an inner diameter of 8 cm
served as the target. The target was located at z = 40 cm
from the entrance quartz window. Such a position of the target
prevented the deposition of the metal film on the microwave
window and maintained stable discharge during several hours.
Negative voltage on the target was 500 V. A third electromagnet
M3 located behind the processing chamber resulted in great
increase of ion current density downstream. Plasma density
up to 5 × 1011 cm−3 was attained in Kr discharges at pressure
3 mTorr and net power 850 W at this place.

The spatial distributions of ion density, floating and
plasma potentials, temperature Te and energy distribution
function of electrons, measured by a probe are presented
in [11]. Measurements in this study were carried out in
krypton and argon plasmas at an electromagnetic current
of 210 A, which corresponded to a magnetic field of
960 G W near the quartz window. The microwave power
Wµ was in the range of 500–850 W, reflected power was
below 10% of the incident power. Spectra of plasma
emission were measured with a grating monochromator
(1200 lines mm−1, dispersion 2.4 nm mm−1). The random
and directed energies of sputtered aluminium atoms were
found from spectroscopic measurements using a pressure
scanned Fabry–Perot interferometer (IFP) (figure 1).

Plasma emission was monitored through two windows
located perpendicular to the flow at D = 17.5 cm downstream
from the centre of the target, and parallel to a flow at the end of
the reactor. The region of the discharge from which light was
collected transverse to the flow was a truncated cone defined
by the lens, the aperture in its focal plane and the aperture of
the interferometer. The cone increased in diameter from 20 to
25 mm through the discharge.

The pressure scanned IFP was used with a 5–7 mm spacing
and had a finesse of 17. The centre of the interference pattern
was focused by the lens (f = 300 mm) on a 0.7 mm pinhole
over the entrance slit of a 30 cm monochromator equipped
with a photomultiplier tube (PMT). The current output of the
PMT was converted to a voltage signal using a direct current
amplifier. An RC integrator smoothed off the signal noises.
IFP pressure was measured with a strain-gauge transducer. The
output signals from the PMT and transducer were fed in two
analog-to-digital CAMAC converters.

3. Results and discussion

Plasma emission spectrum at 17.5 cm from the target is shown
in figure 2. The ratio between the intensities of the ion Al+

390.1 nm and atom Al 396.1 nm lines (inset figure) is equal to
0.07, which indicates a high level of aluminium ionization.

At first, we have determined temperature of krypton
atoms (λ = 431.9 nm) and ions (λ = 473.9 and 476.6 nm).

Figure 2. Optical emission spectrum at D = 17.5 cm. Kr,
P = 0.8 mTorr, flow rate = 10 sccm, Wµ = 850 W, Wtarg = 340 W.

(a)

(b)

Figure 3. The line profiles of Kr 4319 Å (a) and of ions Kr+

4739 Å (b), measured in a direction transverse to the flow.
P = 0.8 mTorr, flow rate = 10 sccm, Wµ = 800 W.

Figures 3(a) and (b) show the spectral line profiles of atom
(Kr 4319 Å) and ion (Kr+ 4739 Å), respectively, measured
in a transverse direction to the flow. The magnetic field in
this region is less than 150 G. The Zeemann broadening is
about 0.001 Å and its contribution to the line width can be
neglected. The instrument broadening was measured by means
of a Cd laser. This profile was well fitted by the Lorentzian
function with FWHM of 0.009 Å. The Fabry–Perot mirrors
spacing is 7 mm in this case. The Doppler effect makes the
main contribution to the broadening of spectral profile. The
experimental contour is well fitted by the Voigt function, which
is a Gaussian shape convolved with a Lorentzian one [12].
The reduction procedure allowed us to determine the Gaussian
component and calculate from it the temperature. These
temperatures were less than 0.1 eV and 0.25 eV, respectively,
for 0.8 mTorr, and decreased when pressure rose. These
temperatures of atoms and ions are similar to values obtained
by laser-induced fluorescence [13, 14] and by optical emission
spectroscopy [15]. The ion heating results from the conversion
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Figure 4. The line profiles of Al 3901 Å, measured parallel and
perpendicular to the flow directions. P = 2.5 mTorr, flow
rate = 25 sccm, Wµ = 600 W, Wtarg = 240 W.

of ion directed energy to random energy through collisions.
Ions are accelerated by ambipolar electric field, which depends
on both plasma density gradients and electron temperature.
The probe measurements of plasma potential show that electric
field E did not exceed 0.15 V cm−1 in processing chamber
owing to collimating effect of the third electromagnet M3
(figure 1). A small value of electric field results in low directed
and thermal energies of ions.

Figure 4 shows the spectral profiles of Al 3961 Å line
measured parallel and transverse to the flow directions.
The Fabry–Perot mirrors spacing is 5 mm in this case, and
the instrument broadening is 0.012 Å. The first line, measured
from end reactor window, is shifted to shorter wavelength
due to the macroscopic motion. Its width is larger because
the profile obtained is integrated along the direction of
observation and includes both the directed and the random
energy components [16]. The value of this shift is 0.01 Å,
which corresponds to the directed velocity and energy of
760 m s−1 and 0.08 eV, respectively. This small shift is not very
reliable for estimation. Part of sputtered aluminium atoms fly
upstream along the line of observation and produce red shift.
The width of the spectral line measured perpendicular to the
flow is smaller, and it was used to calculate the transverse
temperature of the sputtered aluminium atoms.

For spectral line Al 3961 Å, the excited state lifetime is of
the order of 10−8 s. Using an upper velocity of 2×104 m s−1 for
sputtered aluminium atoms, excited atoms are likely to move
less than 0.2 mm before emitting a photon. This distance is
small compared to the aperture of the optical measurement
system. Thus, it is reasonable to assume that excited sputtered
aluminium atoms emit from the same position where they are
excited.

The velocity distribution of the sputtered atoms is non-
Maxwellian. Sputtered atoms are not well thermalized for
several mean free paths. Nevertheless, at pressure above
1 mTorr the experimental contour, measured perpendicular to
the flow, is well described by the Voigt function.

Aluminium has a nuclear spin I = 5
2 and consequently

each line possesses a hyperfine structure. Figure 5 shows the
hyperfine structure for the considered Al 3961 Å line. The
upper level 4 2S1/2 is split into two hyperfine sublevels with a

Figure 5. Hyperfine structure of the aluminium 3961 Å line.

separation of 0.042 cm−1 (0.0066 Å). The lower level 3 2P3/2

is split into four components with a total width of 0.028 cm−1.
Al 3961 Å line consists of six components according to the
selection rule for quantum number F : �F = 0, ±1. The
numbers near the arrows denote the relative intensities of
components calculated by intensity rules [17]. The distances
between the components of the bottom level are very small,
therefore the hyperfine structure can be approximated to two
components with spacing 0.03 cm−1 (0.005 Å) and relative
intensities 120 : 228. Minimum Gaussian line width of Al
3961 Å line, measured in the experiment, was equal to 0.023 Å.
Modelling studies show that the error in line width is 7% in this
case, if hyperfine splitting is neglected. For such line width
hyperfine structure can be ignored.

The Al 3961 Å line is the resonance line and can be
affected by self-absorption. The absorption coefficient in the
spectral line is given by [12]

∫
κL(λ) dλ = 0.0268Nifikλ

2

c
(1)

where Ni is the atom density at lower level, fik is the oscillator
strength, λ is the spectral line length and c is the velocity of
light. The absorption coefficient in the centreline kL(λ0) can
be evaluated as follows: kL(λ0) ≈ 0.0268Nifikλ

2/c�λ, where
�λ is spectral line width. The oscillator strength for the Al
3961 Å line is equal to 0.12 [18]. Mean aluminium density
for stream diameter d = 10 cm was less than 2 × 1010 cm−3

at a distance of 17.5 cm from the target for measurement
conditions. Then, kL(ν)d = 0.01 for �λ = 0.03 Å and the
ratio of transmitted to incident intensity is exp(−kL(λ)d) =
0.91. There was an increase in the intensity of the Al 3961 Å
line with increase of power and pressure, but no plateau on the
line profile was observed.

Figure 6 shows the transverse temperature of sputtered
aluminium atoms TAl as a function of gas pressure in argon
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Figure 6. The transverse temperature of sputtered aluminium as a
function of pressure. D = 17.5 cm, Wµ = 600 W.

and krypton discharges. The temperature decreases from 0.8
to 0.28 eV when krypton pressure rises from 0.4 to 4 mTorr. For
discharge in argon, this temperature falls from 0.5 to 0.18 eV
for the same condition. The average fraction of energy lost by
an aluminium atom in collision with background gas atom is

δ = 2mAlmg

(mAl + mg)2

where mAl = 27 is the mass of the aluminium atom and
mg = 40 (for Ar) and mg = 84 (for Kr) are the masses of the
gas atoms. The value of δ is equal to 0.48 for Ar and 0.37 for
Kr, which means that an aluminium atom loses greater energy
on collision with an argon atom. The sputtered atoms undergo
few collisions with background gas atoms at the distance of
17.5 cm. The measured energy is much less than the most
probable energy of sputtered atoms leaving the target (1.7 eV),
but only partially thermalized.

The energy distribution of the sputtered atom is assumed
to obey the Thompson distribution with cosine angular
distribution. As shown in [6] with Monte-Carlo simulation,
this assumption can be used because the energy of the incident
ions is greater than 400 eV. The Thompson distribution for
an Al target peaks at 1.7 eV—one-half the surface binding
energy, but due to the high-energy tail, the average energy of the
sputtered Al atoms is about 9 eV. Using rough approximation
of hard-sphere interaction potential, the energy loss of the atom
as it passes through the sputtering gas can be estimated from
the following equation:

dE

dz
= −δE

λ
(2)

where λ = 1/nσ is the mean free path, n and σ are the
gas density and the collision cross section, respectively. The
solution of this equation is E = E0 exp(−δz/λ), where E0 is
the initial mean energy of a sputtered atom. For an Al atom
slowing down from a mean initial energy E0 = 9 eV in Ar
gas at a pressure of 4 mTorr, gas temperature T = 350 K, and
taking the value of σ = 2.8 × 10−15 cm2, we get E = 0.7 eV
and T = ( 2

3 )E = 0.47 eV at a distance D = 17.5 cm.
This estimation is more than two times the value obtained
in experiments. Equation (2) is valid for sputtered atoms,
which are much heavier than the filling gas atoms. For this
condition, the deflection of the sputtered atoms from their
original direction of motion is sufficiently small. For atoms

of comparable masses, the projectile atom may be scattered
through a large angle. The real path from the target to
the observation region may exceed 17.5 cm. The estimation
obtained above gives an upper limit to the energy of sputtered
atoms. If we take into account an attractive part in the
interaction potential, path-length correction due to collisions
and smaller mass of Al atom in comparison to Cu atom, and
sputtering in Ar gas, the present values of energy show good
agreement with Monte-Carlo simulation results [5, 6] and Ball
et al’s experimental results [8] at identical PD values.

The deposition Al flux will be composed of Al ions and
neutral atoms. The flux of thermalized neutral metal is

�m = 0.25vthnAl = 0.25nAl

(
8TAl

MAl

)1/2

(3)

where vth, nAl, TAl and MAl are the mean thermal velocity,
density, temperature and the mass of the metal atom,
respectively. Since metal ions are accelerated to the Bohm
velocity by the plasma’s pre-sheath, the ion flux at the wafer is

�Al+ = 0.61nAl+

(
Te

Mi

)1/2

(4)

where nAl+ is the metal ion density. Since Te � TAl,
the fraction of ionized metal flux �Al+/(�Al+ + �Al) to a
wafer is larger than the fraction of ionized metal in plasma
nAl+/(nAl+ + nAl). For example, assuming 20% ionization,
Te = 3 eV and TAl = 0.2 eV, the aluminium ion flux will be
60% in excess of the deposition flux.

4. Conclusion

The transverse temperature of sputtered aluminium atoms in
ECR krypton and argon plasmas has been measured in the
pressure range 0.4–4 mTorr, which is usually used for ECR
system operation. The thermalization process is essential to
increase the ionization of sputtered metal atoms using the IPVD
technique to produce integrated circuit features with high-
aspect ratio. At a distance of 15 cm downstream of the target
and a pressure of 4 mTorr, this temperature is 0.28 and 0.18 eV
in krypton and argon discharges, respectively.
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