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A. A. Mayo and S. Hamaguchi

IBM T.J. Watson Research Center, Yorktown Heights, New York 10598

J. H. Joo

Kunsan National University, Korea

S. M. Rossnagel®

IBM T.J. Watson Research Center, Yorktown Heights, New York 10598

(Received 23 January 1997; accepted 6 June 1997)

Physical sputter deposition has been used at longer-than-normal cathode-to-sample distances for
semi-directional deposition within high aspect ratio features. ‘‘Long throw’’ sputter deposition can
be advantageous over other means of directional sputtering, such as collimated sputter deposition,
because of the absence of collimators and related problems. However, due to the finite target size
and sample geometry, an asymmetry is observed at the wafer edge with a thicker deposit on the
inward-facing walls of trench and via structures compared with the outward-facing walls. We have
used numerical simulation as well as metal sputter deposition experiments to characterize this
asymmetry, which is typically 2-3:1 at the wafer edge. We also discuss how ionized sputter

deposition would alter the deposition profile in the edge region.

Society. [S0734-211X(97)00405-8]

I. INTRODUCTION

Magnetron sputtering, also know generically as physical
sputtering or physical vapor deposition (PVD), is widely
used to deposit metal layers on semiconductor wafers. The
deposition process using magnetrons results in a very broad
angular distribution of the depositing atoms, which is very
useful for making planar films, but inappropriate for depos-
iting films into deep structures. As the feature size on semi-
conductor wafers has reduced, the effective aspect ratio
(depth/width of a feature) has increased. Using conventional
magnetron sputter deposition in this case results in a rapid
closing-off of the feature, and the formation of a buried void.

A broad number of deposition technologies have been at-
tempted to overcome this fundamental problem. In the
sputtering realm, the primary technologies have been co-
llimated sputter deposition,"”? elevated temperature/reflow
deposition,* long throw sputter deposition,”~® and most re-
cently ionized magnetron sputter deposition.””'! The film
deposition is complicated by the potential need for adhesion
layers, diffusion barrier layers and seed layers, all of which
should be primarily conformal within the feature as well as
quite thin.

In present-day manufacturing applications, collimated
sputter deposition is used for the deposition of contact and
diffusion barrier layers within moderate aspect ratio (AR
=1-3) features. However, collimated sputter deposition has
been characterized by problems relating to the thick deposits
formed on the collimator surfaces. These result in a gradual
change in the uniformity profile of the tool, as well as in
concerns about flaking and contamination. More importantly,
collimated sputtering results in significant added cost to the
film layer due to the intrinsic inefficiency of the collimated
deposition process, as well as all of the other problems.
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Long throw sputtering is intrinsically similar to colli-
mated sputter deposition in that the depositing flux is filtered
such that high angle sputtered atoms cannot reach the
sample. In a long throw system, the sample is placed roughly
1 target diameter (25 cm) away from the cathode. Sputtered
atoms which are not ejected from the cathode in a near-
normal angle of incidence are likely to deposit on the cham-
ber walls rather than on the sample. In effect, the entire
chamber becomes a single cell of a collimator. The deposi-
tion efficiency is not changed in this manner, but the thick
deposits of non-normal-angle-of-incidence atoms are spread
over a larger region of the wall and result in fewer mainte-
nance issues compared to collimation. Effectively, though,
long throw and collimation are similar technologies, with the
added requirement for long throw being a much lower work-
ing gas pressure to reduce scattering.

Long throw system geometries are ideal on the wafer cen-
terline, but have geometrical problems near the wafer edge.
While the ‘‘planar’’ deposition rate at the wafer edge can be
made uniform with the wafer centerline, it is very difficult to
make the ‘‘directional’’ deposition process uniform. This is
shown in Fig. 1, where the asymmetry in the depositing flux
at the wafer edge is described. The limited size of the cath-
ode, which is essential to any long throw system, means that
the edge regions of the sample receive more deposition flux
from the center than from the edge of the target. This will
result in potentially thick deposits on the inward-facing walls
of trenches and vias at the wafer edge compared with
outward-facing walls.>’*8

This effect will be strongly dependant on the aspect ratio
of the feature as well as the exact radial location. The present
study examines these geometrical issues as a function of as-
pect ratio for thin liner or diffusion barrier films. The goal is
to quantify the degree of the asymmetry and identify whethef
any other factors are present, such as a less-than-unity stick
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Fic. 1. Orientation of the cathode and wafer sample in a long throw depo-
sition system, drawn to scale. The two angles, THETA-sub-1 and THETA-
sub-r, relate to the maximum angular divergence of the allowed trajectories
of the depositing atoms.

ing coefficient, that may alter the profile. The study com-
pares experimental results from a conventional, commercial
sputter deposition tool with the results of numerical simula-
tion of the deposition process. This approach has been used
in related studies on the effects of partial ionization on the
deposition process.'!'? The present study also briefly exam-
ines the effect of an ionized deposition technology (I-PVD)
on this fundamental asymmetry.

fl. SIMULATION

In order to model the sputter metal deposition process we
have used the simulator shock tracking algorithm for depo-
sition and etching (SHAPE). This is a two dimensional code
in which a shock tracking algorithm is used for the surface
evolution.'® It can be used whether or not ionization and
etching are present. In the code the surface is modeled by a
sequence of nodes, and the deposition and etch rates are
calculated at each node.

To determine the deposition rate and the etch rate when
there is any etching we assume that the flow and diffusion of
material along the surface are negligible. This is a reasonable
assumption for most metals on a low temperature substrate.
Since the length scales of the trenches (microns) are suffi-
ciently smaller than the mean-free paths of the particles (cm),
we assume collisionless transport within the surface feature.
We also assume that any metal atoms sputtered by incident
ions have low enough energy, so that they do not resputter
the surface when they reach other surface sites. Instead, we
assume that these atoms and the neutral metal atoms from
the plasma source are adsorbed on the surface with constant
sticking coefficient S. Re-emitted atoms from the surface are
asumed to have the cosine angular distribution about the
surface normal, and if a high energy ion hits the wafer it
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sputters the surface with sputtering yield that only depends
on the angle formed by the surface normal and the direction
of the ion.

We can derive expressions for all the fluxes. We first note
that the normal component of the outgoing flux at position X
on the surface is the sum of the desorption flux, that is the
flux of re-emitted (neutral) metal atoms, and the resputtering
flux Feech;

FOX)=(1—S)F"(X)+ F&NX). (1)

Here F'" is the incoming flux of low energy metal atoms, and
so (1—S)F™ represents the total desorption flux F R

The incoming neutral flux is the sum of the incoming
neutral metal flux F® that is re-emitted from other points on
the surface, and the metal-atom flux FP that arrives at the
surface directly from the magnetron cathode:

FnXx)=FR(X)+ FP(X). )
Using these equations and our assumption about the velocity
distribution of the re-emitted atoms we can derive an integral
equation for the desorption flux:

FR(X)Z(I—S)f ds FRK (X,w)+G(x). 3)
The kernel X ,(X,w) depends on the surface geometry. In
particular, its computation involves the evaluation of a vis-
ibility factor g (i.e., g=1 if the points X and w are on the
line of sight, and g=0 otherwise). Its evaluation requires
0(n?) operations where »n is the number of nodes on the
surface.

We calculate the flux G(x) from the distribution functions
for metal ions, inert gas ions, and the metal atoms that are
directly emitted from the magnetron target. Once we have
evaluated G we solve the integral equation to determine the
flux F® of the re-emitted metal atoms. For details, see Ref.
14.

To determine the neutral metal flux FP(X) emitted di-
rectly from the magnetron cathode, we note that it can be
expressed in terms of the distribution function of the sput-
tered metal ions on the target cathode f°(v):

1 9, T *
FP(X)=— daj d¢>f (N, sin® 6 cos
mJ e 0 0

+N. sin @ cos O)v fP(v). 4)

Here 6, and 6, are the left and right collimation angles, 6
and ¢ are the usual polar angles around the z direction, and
N=(N,,0,N.) is the surface normal.

If the sample is horizontal and flat, the neutral flux is
independent of X, and given by

ar
G(6,,6’,.)=5(cos 26,—cos 20,)J dv v’ fP(v). (5)

Using this expression, the flux at a general point can be
expressed
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the increased bottom-surface step coverage. Both of these
effects are due to the near-normal incidence of the depositing
metal ions, which make up 50% of the depositing flux. In
addition, the thickness of the inward-facing sidewall (in this
case, the left sidewall) is reduced from about 3X the outward
facing thickness at the top of the sidewall to about 2X, and
the tapering of the inward-facing thickness is less pro-
nounced.
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