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Inflight electron impact excitation in ionized metal physical
vapor deposition

Junqing Lua)

Department of Mechanical and Industrial Engineering, University of Illinois, 1406 W. Green Street,
Urbana, Illinois 61801

Mark J. Kushnerb)

Department of Electrical and Computer Engineering, University of Illinois, 1406 W. Green Street,
Urbana, Illinois 61801

~Received 15 September 2000; accepted for publication 23 October 2000!

Ionized metal physical vapor deposition~IMPVD! is a process in which sputtered metal atoms from
a magnetron target are ionized by a secondary plasma before depositing onto the substrate. The
sputtered metal atoms and neutralized ions reflected from the target have higher kinetic energies
than the buffer gas and so are not in thermal equilibrium. These nonthermal~inflight! species can
dominate the total metal species density at low pressures~,5 mTorr!. As a result, electron impact
of the inflight species may significantly contribute to excitation and ionization. To investigate these
processes, a model was developed to include the inflight electron impact excitation~IEIE! of
sputtered species during IMPVD. Results for Cu IMPVD indicate that the predicted Cu1 density at
low pressure~2 mTorr! significantly increased when IEIE was taken into account. As the pressure
increases, the rate of thermalization increases and the importance of IEIE decreases. ©2001
American Institute of Physics.@DOI: 10.1063/1.1333026#
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I. INTRODUCTION

Ionized metal physical vapor deposition~IMPVD! is be-
ing developed to deposit metal seed layers and diffusion
riers into trenches and vias of high aspect ratio for mic
electronics fabrication.1–3 A typical IMPVD system consists
of a magnetron cathode for physical sputtering of metal
oms and a secondary inductively coupled plasma~ICP! be-
tween the target and the substrate. The plasma is usu
sustained in an inert gas such as Ar at moderate pressur
10’s mTorr to slow the sputtered atoms and ionize them p
to their reaching the substrate. Typical ionization fractions
the metal are 10’s of percent to as large as 90%.1 A radio
frequency~rf! or dc bias may be applied to the substrate
vertically accelerate the metal ions into the wafer. The co
bination of anisotropic metal ions and isotropic neutral me
atoms results in conformal deposition which preve
pinch-off1 when filling trenches.

The kinetic energy of the sputtered metal atoms from
cathode is several eV while the temperature of the ba
ground gas atoms is less than 0.1 eV. The ions which
incident onto the target have energies of 100’s eV and
reflected as neutral atoms which also have kinetic energie
several eV. These high energy neutrals~sputtered atoms an
reflected neutralized ions! equilibrate with the background
gas through elastic collisions. Power transferred from th
energetic neutrals to gas atoms during collisions produ
‘‘sputter heating’’ and ultimately rarefaction of the gas4

When the reactor pressure is low enough that the mean
path of sputtered and reflected neutrals is comparable to

a!Electronic mail: j-lu@uiuc.edu
b!Electronic mail: mjk@uiuc.edu
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distance between the target and the substrate, the densiti
the nonthermal~inflight! species can be larger than those
thermal species. Under such conditions, electron impact
citation and ionization of the inflight species become imp
tant. This mechanism may be particularly important in io
ized hollow cathode magnetron sputtering devices, wh
typically operate below 10 mTorr.5

In this paper, we present results from an investigation
the electron impact excitation of inflight species during C
IMPVD. The computational platforms used in this study a
the two-dimensional Hybrid Plasma Equipment Mod
~HPEM! ~Refs. 6,7! and the Monte Carlo Feature Profi
Model ~MCFPM!.8 The HPEM has been previously val
dated for the IMPVD conditions of interest.7 The effect of
inflight electron impact excitation~IEIE! was numerically
investigated as a function of pressure from 2 to 40 mTorr
incorporating IEIE algorithms into the HPEM. We note th
IEIE is an integrated part of the plasma physics in an exp
ment and cannot be ‘‘toggled’’ on and off. In numerical stu
ies such as this, however, the model can be run with
without the IEIE algorithms to determine the physical s
nificance of IEIE. It was found that at low pressure~'2
mTorr! IEIE can increase the predicted Cu1 density by as
much as a factor of 2, and that the effect of IEIE diminish
with increasing pressure as the rate of thermalization of
inflight species increases. The consequence of IEIE can
seen in the profiles of microtrenches filled using IMPVD.

II. DESCRIPTION OF THE MODEL

The HPEM has been previously described in detail6,7

The HPEM is a modular simulator which iteratively achiev
a quasisteady state solution. The modules used here ar
© 2001 American Institute of Physics

to AIP copyright, see http://ojps.aip.org/japo/japcpyrts.html.
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electromagnetic module~EMM!, the electron energy trans
port module ~EETM!, and the fluid kinetics simulation
~FKS!. Inductively coupled electromagnetic fields and ma
netostatic fields are computed in EMM. These fields are t
used in EETM to solve the electron energy equation for
temperature of bulk electrons. Using Monte Carlo tec
niques, the trajectories of secondary electrons emitted f
the cathode are followed and their electron energy distri
tions are obtained. The electron temperatures and energy
tributions are used to generate sources for electron im
processes and electron transport coefficients. These rate
coefficients are then used in the FKS where continuity, m
mentum, and energy equations are integrated for all he
particles~neutrals and ions!. Poisson’s equation is solved fo
the plasma potential throughout the reactor. The spu
transport algorithms are included in the FKS. Densities a
electric fields are then transferred to the EMM and EET
and the process is repeated until a converged solution is
tained. The gas pressure was held constant at the spec
value by throttling the pump rate. The electron transpor
radial and axial directions is resolved within each rf perio
The electron motion in the azimuthal direction is not r
solved in the fluid modules, but is tracked in the Monte Ca
modules. The species densities shown here are averaged
several rf periods.

The transport of the sputtered and reflected atom
modeled by Monte Carlo techniques and is described in
tail in a previous publication.7 Only the electron impact ex
citation of nonthermal species will be described in de
here. Using a cascade distribution for the energy of sputte
atoms, pseudoparticles are emitted from the target and
trajectories are integrated using Monte Carlo methods.
mean free path of the energetic neutrals is determined u
null collision techniques to account for spatially depend
gas properties~density and composition! resulting from, for
example, gas heating and changes in composition du
slowing down of energetic neutrals. A probability array
constructed for collisions between the energetic neutral
other species, including electrons. A random number is g
erated to determine the collision partner. When the collis
partner is an electron, a second probability array is c
structed based on the local electron temperature to deter
the electron impact reaction that occurs and the product.
effective probabilitypi for ith reaction is based on the ra
coefficientki for electron impact,

pi5
ki~Te!

v th
, ~1!

wherev th is the random thermal speed of the electron. Th
probabilities are added and normalized to 1. A random nu
ber is generated to determine which reaction occurs. S
the momentum transferred to the gas atom during an elec
impact is small, the pseudoparticle retains its original vel
ity following electron elastic and excitation collisions, an
the particle is tracked until it thermalizes or strikes a surfa
The rates of thermalization of neutral species are recor
into source terms for incorporation into the fluid continu
equations. For electron impact collisions producing ions,
pseudoparticles are removed from the sputter calculation.
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source terms are generated at the location of ionization
incorporated into the fluid continuity equations. Due to t
strong electrostatic forces in the plasma, the ions rap
equilibrate with the bulk ions. The trajectories of the inflig
metal atoms are recorded to obtain the inflight species d
sities.

To assess the consequences of IEIE on profile evolu
of trenches filled with metal using IMPVD, the MCFPM wa
used. The MCFPM was first developed to simulate etch p
files using the flux distributions produced by HPEM.8 The
MCFPM resolves the trench region on the wafer using
rectilinear mesh, with typical mesh spacing of 100 cells
1.0 mm length. One solid cell represents the width of seve
hundred atoms. Each cell is assigned a material iden
which may change during the simulation. Gas phase spe
are represented by pseudoparticles. The solid materials
represented by computational cells. Pseudoparticles
launched from random locations above the trench, with
ergy and angles sampled from the flux distributions produ
by the HPEM. The trajectories of these particles are trac
until they hit the solid material. Depending on the gas–so
reaction mechanism, either etching or deposition occurs,
the identity of the computational cell is changed according

III. INFLIGHT ELECTRON IMPACT EXCITATION

The IMPVD reactor used in this investigation is show
in Fig. 1. The reactor has a conventional magnetron at
top and a substrate 15 cm below the Cu target. The diame
of the target and substrate are 22 and 21 cm, respectiv
The rf inductive power is supplied by a four-turn coil outsid
of the plasma through a Faraday shield.9 Computationally,
the azimuthal electric field is allowed to simply propaga
through the Faraday shield. The operating conditions are
kW ICP power, 1.0 kW magnetron power, and 2–40 mT
Ar. For example, at 20 mTorr, the peak electron density
5.331011 cm23, target voltage is 253 V, and electron tem
perature is 3.2–3.8 eV. HPEM predictions with and witho
IEIE were compared to quantify the effect of inflight pro
cesses.

FIG. 1. Schematic of an IMPVD reactor with external coils and a Fara
shield.
to AIP copyright, see http://ojps.aip.org/japo/japcpyrts.html.
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The temperature of the Ar buffer gas at 2 mTorr is ab
1000 K due to heating from the ICP and the magnet
power. Under these conditions, the mean free path
Cu–Ar elastic collisions is 20 cm which is commensura
with the reactor dimensions. The majority of the sputte
Cu atoms therefore undergo few collisions before reach
the substrate. As a consequence, the dominant Cu spec
2 mTorr should be the inflight Cu atoms. For example,

FIG. 2. Predicted Cu species with IEIE at 2 mTorr.~a! Inflight Cu0 density,
~b! thermal Cu0 density, and~c! thermal Cu* density. The majority of the Cu
species are inflight.
Downloaded 20 Jan 2001  to 128.174.115.156.  Redistribution subject 
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predicted Cu species densities with IEIE at 2 mTorr a
shown in Fig. 2. The inflight Cu ground state density~de-
noted by Cu0) peaks at 4.031011 cm23 below the target, and
decreases to 831010 cm23 above the wafer. This decrease
in part due to thermalizing collisions and in part due to t
diverging trajectories of the sputtered Cu atoms originat
from the narrow sputter track beneath the cusp of the m

FIG. 3. Predicted Cu species with IEIE at 40 mTorr.~a! Inflight Cu0 den-
sity, ~b! thermal Cu0 density, and~c! thermal Cu* density. The majority of
the Cu species are thermalized.
to AIP copyright, see http://ojps.aip.org/japo/japcpyrts.html.
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net. The thermal Cu0 density is about an order of magnitud
less than the inflight Cu0 density, ranging from 1.1 to 7.0
31010 cm23. The thermal Cu* @nominally the Cu~2D) state#
ranges from 2.2 to 8.531010 cm23 between the target and th
substrate and is large near the cusp of the magnet where
excitation rates peak. The inflight Cu0 density is about 2
times the sum of the thermal Cu0 and Cu* densities. The
inflight Cu* density~not shown! ranges from 1.03109 cm23

to 2.03108 cm23, 2–3 orders of magnitude smaller than t
inflight Cu0 density. Besides contributions for direct ioniz
tion of inflight Cu atoms, multistep ionization is also impo
tant. The average Cu* density with IEIE is 4.631010 cm23,
3 times that without IEIE. Since Cu* is metastable and has
lower ionization potential than Cu, approximately 15%
total ionization comes from electron impact of Cu* .

As the pressure increases, the density of inflight spe
decreases due to the shorter mean free path and more
thermalization. At high enough pressures~.20 mTorr!, the
Cu species are largely thermalized. For example, the
dicted Cu species densities at 40 mTorr are shown in Fig
The inflight Cu0 density ranges from 1.031012 cm23 below
the target to 5.03108 cm23 above the wafer, indicating al
most total thermalization. The inflight Cu* densities, not
shown here, are on the order of 108 cm23, much lower than
the inflight Cu0 density. The thermal Cu0 density ranges from
1.531012 cm23 below the target to 3.031010 cm23 above
the wafer, becoming increasingly larger than the inflight C0

density from the target to wafer. The ratio of thermal
inflight Cu0 increases from target to substrate, reflecting

FIG. 4. Predicted Cu1 densities as a function of pressure with and witho
IEIE. ~a! Maximum and reactor-averaged values and~b! fractional differ-
ences. The differences are large at low pressures~,20 mTorr!.
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transition from inflight to thermal as the inflight Cu0 atoms
undergo collisions. The Cu* density, ranging from 2.3
31012 cm23 to 2.331011 cm23 ~above the wafer!, exceeds
the Cu0 due to the low rate of quenching and low mobility o
Cu* at the higher pressure.

The predicted Cu1 density is significantly affected by
IEIE. For example, the maximum and the reactor avera
Cu1 densities are shown in Fig. 4~a!, with and without IEIE.
The Cu1 densities with IEIE are larger than those witho
IEIE, for both the maximum and the reactor averaged de
ties. The difference is largest at the lowest pressure o
mTorr, and decreases as pressure increases. Note tha
these cases the magnetron and ICP power are held cons
thereby ‘‘fixing’’ the ion density. Although the Cu1 density
may vary, the total ion density does not as the more num
ous Ar1 ions (@Ar1#/@Cu1#'3.0 at 20 mTorr! change their
density to compensate. The fractional difference for the C1

density with and without IEIE is shown in Fig. 4~b!. The
fractional difference is defined as (@Cu1#–@Cu1#0!/@Cu1#0,
where @Cu1# is the density with IEIE, and@Cu1#0 is the
density without IEIE. At the same pressure, the fractio
differences are essentially the same for the maximum and
average values. The fractional difference, 1.8 at 2 mT
monotonically decreases with pressure and is 0.1 at
mTorr. This indicates that IEIE is the dominant source
ionization for Cu at low pressure and is not negligible~10%!
even at the relatively high pressure of 40 mTorr.

FIG. 5. Predicted ionization fractions of the Cu flux to wafer at a radius
5 cm with and without IEIE.~a! Ionization fractions and~b! fractional dif-
ference. The differences are large at low pressures~,20 mTorr!.
to AIP copyright, see http://ojps.aip.org/japo/japcpyrts.html.
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The predicted ionization fraction of the Cu flux to waf
@ion flux/total flux# is also significantly modified by IEIE a
low pressure~,20 mTorr! as shown in Fig. 5. Fluxes ar
shown for a radius of 5 cm on the wafer which is repres
tative of the total metal flux to wafer. The ionization fra
tions increase with pressure~from 6% at 2 mTorr to 66% a
40 mTorr, with IEIE!, consistent with the Cu1 densities in
Fig. 4~a!. The Cu flux ionization fraction at 2 mTorr is 150%
larger with IEIE than that without. As the pressure increas
the fractional difference@~with IEIE2without IEIE!/without
IEIE# in the flux ionization fraction decreases to only 5%
40 mTorr. The effect of IEIE on the ionization fraction of th
depositing metal flux is similar to that on Cu1 densities.

Although it is difficult to experimentally isolate the con
sequences of IEIE, one can numerically demonstrate th
effects on deposition profiles. For example, profiles for
trench filling obtained with the MCFPM at 20 mTorr usin
fluxes from the HPEM with and without IEIE are shown
Fig. 6. In IMPVD, the ionization fraction of the depositin
flux typically increases with increasing pressure in the few

FIG. 6. Predicted trench profiles for Cu deposition with and without IEIE
20 mTorr. The increased Cu ionization fraction with IEIE reduces the siz
the void due to an increase in the ionization fraction of the incident m
ion flux.
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tens of mTorr range. Larger ionization fractions tend to p
duce more conformal depositions due to both more dir
filling ~metal ions in the depositing flux have a narrow
angular distribution than neutrals! and sputtering of deposit
at the top edges of the trench which would otherwise over
to produce ‘‘keyhole’’ voids. At 20 mTorr the ionization
fraction is sufficiently low that, for these process condition
a void is produce. When including IEIE, a smaller void
produced because the Cu flux with IEIE has a larger ioni
tion fraction ~43%! than that without IEIE~33%!. Under
similar conditions, experimental observations10 suggest that
the large void without IEIE is likely to occur at a lowe
pressure of 5 mTorr since the ionization fraction is low
The small void at 20 mTorr predicted with IEIE is mor
consistent with experimental observations.

The majority~.90%! of the incident ion flux to the tar-
get is Ar1. These Ar1 reflect from the target as fast A
neutrals with an average energy of 6 eV.11 Hence, there is a
significant amount of inflight Ar species in the plasma
addition to the inflight Cu species. However, the Ar1 densi-
ties with and without IEIE are essentially the same at
pressures. The fixed target power of 1 kW is the major c
trolling factor for Ar1, which makes up the majority of the
ion flux. The constant magnetron power maintains an ess
tially constant Ar1 density independent of IEIE.

IV. CONCLUDING REMARKS

In conclusion, inflight electron impact excitation~IEIE!
contributes significantly to the density of metal ion spec
and the ionization fraction of the depositing metal flux at lo
and moderate pressures. At the high plasma densitie
IMPVD systems, even inflight atoms which have short th
malization distance~or transit times! can be ionized or ex-
cited. The density of the buffer gas ions is controlled by t
magnetron power, and is relatively independent of IEIE.
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