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Transport of argon ions in an inductively coupled high-density plasma
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The first direct observation of the velocity distribution of the metastable Ar1* ~2G9/2! ions in the
presheath of an inductively coupled plasma has been achieved by using the Doppler shifted laser
induced fluorescence technique. Drift of the ions along the electric field in the presheath is observed
and distribution functions of the velocity in both parallel and perpendicular directions, relative to the
E field, are deduced at 5 and 40 mTorr. Present results show that in high density plasmas the
velocity distribution of the metastable ions is directly related to that of the ground state argon ions.
Neutral gas temperature of around 600 K is also measured from the absorption profile of a diode
laser beam, set on one of the 772.4 nm argon lines. ©1997 American Institute of Physics.
@S0003-6951~97!03707-8#
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The need for rapid and large area wafer processing in
semiconductor industry has increased the interest in h
density plasma sources and particularly in the inductiv
coupled plasma~ICP! reactors.1 To fully exploit the possi-
bilities in these reactors, of independent control of plas
generation and wafer biasing, we need to understand
ions are formed and how they gain energy before imping
on the wafer surface. Typically, the ICP is operated at pr
sure range 1–100 mTorr and powers of 200–2000 W, g
erating plasma with electron densities of 1011–1012 cm23

andTe’s of a few eV. Under these conditions, the sheath
collisionless and the dispersion of the velocity of ions wh
they hit the wafer surface is directly related to that presen
the presheath–sheath boundary. Therefore, the knowledg
the ion velocity distribution function~ivdf! inside the
presheath can give an insight into the transport of the i
from the plasma to the boundary surfaces. In general,
dimension of the presheath and the potential drop acro
depend on the mean free path for ion-neutral collisions
electron-neutral ionization, and on the electron temperat
A review article by Riemann2 provides a detailed kinetic
treatment of the presheath. Recent simulations of ICP
give the evolution of the different plasma parameters ins
the presheath.3,4 Experimentally, the parallel and transver
~to the B-field direction! ivdf have been measured down
stream of an electron cyclotron resonance~ECR! argon
plasma by using the Doppler-shifted laser induced fluor
cence~DSLIF! technique.5 A Langmuir probe has also bee
used for the electrical diagnostics of the presheath in EC6

and ICP.7–9 In this letter we report the direct measureme
by DSLIF, of the velocity distribution function of the argo
ions in an ICP device. Both ivdf parallel and perpendicular
a glass plate limiting the plasma volume have been de

a!Electronic mail: nader.sadeghi@ujf-grenoble.fr
b!Electronic mail: vdgrift@discharge.phys.tue.nl
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mined. We also measured the neutral gas temperature
the Doppler width of an absorption line of the argon me
stable atoms.

Figure 1 shows a schematic diagram of the plasma re
tor. The three turn,f510 cm, inductive coil is located below
a 12-mm-thick quartz window and is powered at 13.56 M
with a 2 kW rf generator through anL-type capacitive
matching network. The value of rf power quoted in this wo
is that applied to the matching network and includes b
power dissipated in the plasma as well as the external c
ponents. We applied the same current through the induc
coil with and without plasma and measured the difference
applied power. In this way we can determine the losses in
matching network and other components and estimate
actual power dissipated in the plasma.7 At 400 W applied
power, 40%~160 W! is absorbed in the plasma at 40 mTo
and 32%~128 W! at 5 mTorr. Thef515 cm Pyrex bucket
which contains the plasma is located inside af526.2 cm,

FIG. 1. Schematic of the ICP reactor.
835835/3/$10.00 © 1997 American Institute of Physics
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l520.6 cm high, vacuum vessel. A chromium coated cop
cylinder, radially slatted in its base, is inserted into t
bucket to insure Faraday shielding. A Pyrex plate is a
inserted in the upper side of the bucket to limit the plas
volume to af515 cm,l53.8 cm cylinder. To insure optica
access and pressure equilibrium within the vessel, b
bucket and metal cylinder have eight 6-mm-wide, 40-m
high slits, located at 45° on their circumferences. For
DSLIF measurements we use a continuous wave single m
Ar1-pumped dye laser to excite the transition
Ar1(4p8 2F0

7/2←3d8 2G9/2) at 611.49 nm.
5 Inside the reac-

tor, the laser beam propagates along the reactor axis to
servef (v i), the ivdf parallel to the mean drift velocity of th
ions toward the top glass plate, or along the diagona
observef (v'), the ivdf parallel to the glass plate. The lase
induced fluorescence~LIF! signal, at 460.96 nm, is collected
at right angle to the laser directions, by a 10 cm focal len
lens, located 20 cm from the reactor axis and is 1 to 1
aged into af51 mm optical fiber bundle. Space resolution
therefore60.5 mm in both axial and radial directions. Th
slit-shaped other end of the fiber is set in front of the e
trance slit of a 60 cm Jobin Yvon HRS2 monochroma
equipped with an R1617 Hamamatsu photomultiplier tu
~PMT!. To discriminate against the strong emission sign
the laser beam is modulated at 300 Hz, before entering
reactor, and the LIF signal is detected by using a lock
amplifier. By tuning laser frequency and recording the L
signal, we obtain the ivdf profile. For gas temperature m
surements, we use a single mode diode laser, tuned on e
772.376 or 772.421 nm argon lines which can be absor
by 3P2 or 3P0 metastable atoms, respectively.10 Before
crossing the ICP reactor along a diagonal, the laser bea
attenuated to around 10mW/cm22, to avoid saturation and
optical pumping.11 By tuning the diode laser frequency an
recording the transmitted signal, we obtain the absorp
profile of the line. The gas temperature is deduced from
Doppler width of the profile, which is a Gaussian for bo
lines. This supposes that due to the high efficiency of
elastic and metastability-exchange collisions, the metast
and ground state argon atoms have the same temperatu

The measured gas temperature,Tg, increases with the
applied rf power. For our 400 W working power, we find th
Tg increases slightly from 610 K, at 5 mTorr, to 650 K at 4
mTorr. The uncertainty ofTg is around 5%.Tg does not
depend on the position of the laser beam relative to the
glass plate and is homogeneous within the plasma volu
Considering a pressure equilibrium between the vacuum
sel, where the capacitance manometer is located, and the
volume,Tg fixes the gas density inside the plasma.

Representativef (v i) distributions of argon metastabl
ions are shown in Fig. 2 forp55 and 40 mTorr at differen
distances,d, from the top glass plate. Also shown is th
f (v') at 5 mTorr andd512 mm. Both velocity~bottom! and
kinetic energy ~top! scales are given. We observe th
f (v') profile is symmetrical regarding the zero velocity a
has almost a Gaussian shape. On the contrary, for both p
suresf (v i) profiles cannot be fitted with a Gaussian. We a
observe thatf (v i) shifts to higher velocity when approach
ing the glass plate. Let us express, as usual,12 the random
836 Appl. Phys. Lett., Vol. 70, No. 7, 17 February 1997
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velocity partition in terms of temperatures and the mean d
energy

kT'5M,~v'2^v'&!2./e, ~1!

kTi5M,~v i2^v i&!2./e, ~2!

Ei51/2M ^v i&2/e, ~3!

FIG. 2. Velocity distribution function of the Ar1* (2G9/2) ions at different
distances from the top glass plate at pressures 5~solid circle! and 40~hollow
square! mTorr. All profiles are normalized to unity. The five upper pair
curves are relative to the velocity components along the reactor axis an
lowest curve corresponds to the velocity component parallel to the g
plate.

FIG. 3. Variation, vs the distance from glass plate, of the mean kin
energy of the Ar1* (2G9/2) ions along the reactor axis~c!, of the parallel
temperatureTi ~b!, and perpendicular temperatureT' ~a! at pressures 5
~solid circle! and 40~hollow square! mTorr.
Sadeghi et al.
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whereM is the mass of the argon ion andkT' ,kTi , and
Ei are expressed in eV. Figure 3 summarizes the evolutio
these quantities as a function of the distance from the g
plate. The almost exponential increase ofEi when approach-
ing the glass plate results from the acceleration of the ions
the electric field of the presheath. It is important to remem
that Ei corresponds to the mean drift energy of the ions
metastable state Ar1* (2G9/2), which represents less than 1
of the total argon ion density.13 To see how these data a
representative of the ground state ions, it is necessar
consider mechanisms by which Ar1* (2G9/2) ions are pro-
duced and destroyed. Given the large cross-section,s51.1
10216 cm2, for quenching of the Ar1* (2G9/2) metastable
ions by argon atoms,14,15 the mean free path of these ion
will be 12 and 1.5 mm at 5 and 40 mTorr, respectively. W
therefore can conclude that, particularly at 40 mTorr,
Ar1* (2G9/2) metastable ions we detect by DSLIF are n
those formed outside the presheath and accelerated with
but are produced by electron impact, a few mm before th
respective observation points. If the main mechanism
population of the Ar1* (2G9/2) metastable state was dire
ionization of the neutral atoms, we should observe a la
zero velocity component in all ivdfs and particularly tho
recorded close to the glass plate. All ivdfs shown in Fig
are free from this component. It is obvious that in our hi
electron density conditions, the Ar1* (2G9/2) level is mainly
populated by electron impact excitation of ground state
gon ions. In fact, these ions have already gained kinetic
ergy by being accelerated by the ambipolar E field of
presheath and their velocity is totally conserved during e
tron impact excitation of the ion. This is a very importa
conclusion. It points out that the velocity distribution of th
Ar1* (2G9/2) metastable ions, detected by DSLIF, is rep
sentative of the velocity distribution of the ground state
gon ions. This conclusion is in fact only correct for the hi
density plasmas with ionization degrees of a few percent
high pressure plasmas, where usually the Ar1/Ar density ra-
tio is smaller than 1025, excitation from the ground stat
atoms becomes dominant.

As shown in Fig. 3~b!, Ti increases when approachin
the glass plate boundary. We think that this enhancem
mainly results from a spatial distribution of the ionizatio
within the presheath. In fact, given the cross section for
elastic collisions of electrons (s>3310216 cm2) their
mean free path is much larger thanl . Therefore,Te is almost
constant inside the plasma volume but the electron den
inside the presheath should decay according ton5n0 exp
(2f/kTe). Argon ions are then produced all along t
presheath with zeroEi and have different energy gain a
Appl. Phys. Lett., Vol. 70, No. 7, 17 February 1997
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observation points close to the plate. We should point
that for smalld, as seen from Fig. 2, the observed kine
energy dispersion in the lab frame is much larger thanTi ,
which is representative of the energy dispersion in the
frame. The very large value ofTi for d50.5 mm, p55
mTorr, and the high energy tail observed in Fig. 2 in the iv
for these conditions, is due to the fact that given the 0.5 m
space resolution in these experiments, some part of the
signal comes from Ar1* (2G9/2) ions inside the sheath. Thes
ions have been accelerated inside the sheath and have g
velocities larger than the Bohm velocity.

We also observe@Fig. 3~a!# thatT' increases with pres
sure and when approaching the glass boundary. Never
less, it is always smaller thanTi . This behavior ofT' is a
consequence of the elastic and charge exchange collision
the Ar1 ions with Ar neutrals. Even though these collisio
are preferentially forward scattering,16 some part of the ki-
netic energy gained by the ions drifting along the E field
the presheath is transferred to their transverse motion.
amount of this transferred energy depends in fact on b
Ei and gas pressure.

In conclusion, we showed that in high density plasm
the velocity distribution function of the metastable arg
ions Ar1* (2G9/2)is representative of the velocity of th
ground state ions. We also measured both parallel and
pendicular ivdfs of these ions.

1M. A. Liebermann and R. A. Gottscho,Physics of Thin Films, edited by
M. Francombe and J. Vossen~Academic, New York, 1994!, Vol. 18, pp
1–119.

2K.-U. Riemann, J. Phys. D24, 493 ~1991!.
3R. A. Stewart, P. Vitello, D. B. Graves, E. F. Jaeger, and L. A. Ber
Plasma Sources Sci. Technol.4, 36 ~1995!.

4G. DiPeso, V. Vahedi, D. W. Hewett, and T. D. Rognlien, J. Vac. S
Technol. A12, 1387~1994!.

5N. Sadeghi, T. Nakano, D. J. Trevor, and R. A. Gottscho, J. Appl. Ph
70, 2552~1991!.

6J. A. Mayer, G.-H. Kim, M. J. Goeckner, and N. Hershkowitz, Plasm
Sources Sci. Technol.1, 147 ~1992!.

7P. N. Wainman, M. A. Lieberman, A. J. Lichtenberg, R. A. Stewart, a
C. Lee, J. Vac. Sci. Technol. A13, 2464~1995!.

8V. A. Godyak, R. B. Piejak, and B. M. Alexandrovich, Plasma Sourc
Sci. Technol.4, 332 ~1995!.

9L. J. Mahoney, A. E. Wendt, E. Barrios, C. J. Richards, and J. L. Sho
J. Appl. Phys.76, 2041~1994!.

10W. L. Wiese, M. W. Smith, and B. M. Moles, Natl. Stand. Ref. Data S
~U.S., Natl. Bur. Stand.! 2, 22 ~1969!.

11R. E. Drullinger and R. N. Zare, J. Chem. Phys.51, 5532~1969!.
12H. R. Skullerud, J. Phys. B9, 535 ~1976!.
13K. P. Giapis, N. Sadeghi, J. Margot, R. A. Gottscho, and T. C. J. Lee
Appl. Phys.73, 7188~1993!.

14B. Pellisier and N. Sadeghi, Rev. Sci. Instrum.67, 3405~1996!.
15N. Sadeghi, F. Chatain, and J. Derouard~unpublished!.
16R. N. Varney, H. Helm, E. Alge, H. Sto¨ris, and W. Lindinger, J. Phys. B
14, 1695~1981!.
837Sadeghi et al.
to¬AIP¬license¬or¬copyright;¬see¬http://apl.aip.org/apl/copyright.jsp


