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Liner conformality in ionized magnetron sputter metal

deposition processes
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(Received 9 November 1995; accepted 19 April 1996)

The conformality of thin metal films (liners) formed on high-aspect-ratio trench structures in ionized
magnetron sputter deposition processes is studied numerically and experimentally. The numerical
simulator (SHADE) used to predict the surface topography is based on the shock-tracking method for
surface evolution. The simulation results are in good agreement with experimentally observed
thin-film topography. It is shown that combination of direct deposition and trench-bottom
resputtering results in good conformality of step coverages and the amount of the resputtering
needed for the good conformality is almost independent of trench aspect ratios. © 1996 American

Vacuum Society.

I. INTRODUCTION

The reliable formation of densely packed interconnect
metal lines with low resistance is a challenging task in
computer-chip manufacturing. The most advanced technolo-
gies currently under development require filling of intercon-
nect lines with the aspect ratio (i.e., ratio of depth to lateral
dimension) as high as three. Conventional deposition meth-
ods such as chemical vapor deposition (CVD)' and colli-
matcd magnetron sputter deposition2“4 may not provide an
effective means to fill such high-aspect-ratio trenches and
vias in manufacturing environments.

Prior to the metal filling process into dielectric trenches
and vias, lining (i.e., deposition of a thin metal layer) is often
employed to provide adhesion layers or diffusion barriers for
materials to be deposited in the subsequent processes. Such a
thin metal film (liner) must be sufficiently conformal, i.e.,
uniform in thickness on sidewalls and bottoms of trenches
(or vias), so that the adhesion or diffusion-barrier character-
istics are also uniform on the surface.

Depositing conformal liners into high-aspect-ratio
trenches and vias is also a difficult task in low-temperature
processes. For metal species to reach the bottom, the metal
flux incident upon the wafer surface must be anisotropic. An
anisotropic flux, however, does not deposit the material onto
vertical sidewalls directly. Weaker anisotropy of the incom-
ing flux, on the other hand, may deposit the material on the
sidewalls but tends to deposit more near the top edges of the
trench, resulting in nonconformal deposition. This effect is
routinely observed with collimated sputtering of Ti and TiN
diftusion barriers.*

The ionized magnetron sputter deposition process™ can
circumvent this dilemma by using its ability to resputter the
deposited metal from the bottom of the trench. The ionized
magnetron sputter deposition system is schematically de-
picted in Fig. 1. This is a combination of the conventional
magnetron sputter system and an inductively coupled plasma
generator. The metal atoms are sputtered from the magnetron
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cathode and then ionized near the center of the chamber by
the high-density Ar plasma generated by the induction coil.
The bias voltage on the wafer then controls the directionality
and bombardment energies of the metal and Ar ion fluxes
incident upon the wafer surface.

If the ion bombardment energy is sufficiently high, the
deposited metal on the bottom of the trench may be resput-
tered and then redeposited on the sidewalls. By controlling
the bias voltage on the wafer, one can adjust the amount of
resputtering to form a conformal metal liner over the trench
structure.

Il. EXPERIMENTAL SETUP AND SIMULATION
MODEL

As shown in Fig. 1, the experimental system essentially
consists of the magnetron and multiple-turn radio frequency
induction (RFI) coil. The magnetron power may be typically
varied up to 10 kW and 30 kW on 200 mm and 300 mm
target cathodes. The RFI coil can be powered up to 3-5 kW
at 13.56 MHz. The dc-bias voltage applied to the wafer
holder may be varied up to —200 V with substrate currents in
the several ampere range. In typical experimental conditions,
the Ar pressure is varied from 1 to 35 mTorr. When a large
metal ion flux is desirable, the high-pressure (e.g., 35 mTorr)
operation is employed. When the pressure is high, the
sputtered-atom mean free paths decrease and thus the relative
ionization level increases. Since the collision frequency in
the sheath region (about 0.1 mm thick) above the wafer
holder is still small, the increased pressure does not affect the
directionality of ion fluxes.

The trench structures used for the experiments are typi-
cally less than 1 um deep and have various aspect ratios. The
trenches are typically made of etched SiO, on Si. Metals that
can be used for lining in ionized magnetron sputter metal
deposition processes include Ti, TiN, Ta, TaN, Cu, Cr, AlCu,
AIN, W, and WN.

The numerical simulator used to predict film topography
is called SHADE (shock-tracking algorithm for deposition and
etching). It uses the shock-tracking method’ for its surface
evolution algorithm and has been applied to various etch and
deposition processes.®~!® For the two-dimensional simula-
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FiG. 5. Profiles of the deposited films obtained from numerical simulations.
The aspect ratio of each trench is 2.5. The ratio of the ion to neutral flux on
the top surface is 1:1. The sputtering yields at zero incident angle Y(0) are
(a) 0, (b) 0.4, and (c) 1.0.

lll. NUMERICAL AND EXPERIMENTAL RESULTS

Before proceeding to numerical simulations, we briefly
discuss resputtering on trench bottoms. To estimate the
amount of resputtering from a trench bottom, we first ignore
sidewall metal deposition due to direct neutral fluxes from
the plasma source. In this case, as shown in Fig. 4(a), the
flux received at height h on the sidewall is only related to the
resputtered outgoing flux .#;, from the bottom through Eq.
(4). The resputtering flux .7 is assumed to be uniform over
the entire trench bottom. Assuming that the reemission has
the cosine distribution [i.e., »=0 in Eq. (1)], we obtain from

Eq. (4),
Fo (v (R-N)|R-f
F= -9 f dx —( I)i’l |

2 Jo
_ﬁ J’wd _____.hx (6)
"2 Jo Ry

.7 0 ( 1 h )
2 wi+n?]’
where we take the x axis along the bottom surface, and w
represents the width of the trench bottom. Figure 4(b) shows
the resputtered flux received on a vertical sidewall as a func-
tion of the ratio h/w. Since the deposition rate is proportional
to the flux ./, Fig. 4(b) also represents the relative thickness
of the deposited thin film on the vertical sidewall.

For an infinitely wide trench (i.e., w=-cc, aspect ratio is
0), the magnitude of the resputtered flux becomes indepen-
dent of the height & and is given by .#=31#,. This is not
surprising since the limit of w—oc with fixed h is equivalent
of the limit of #—0 with fixed w. (Note that.# depends only
on the parameter h/w.) As is evident in Fig. 4(b), the flux
variation is small for small A/w. This result indicates that the
smaller the aspect ratio is, the more uniformly the films are
deposited on the sidewalls.

In numerical simulations that we shall present momen-
tarily, the neutral metal flux from the source is also taken into
account. Since metal atoms sputtered from the target are not
generally 100% ionized by the RFI coil, the effect of the
neutral flux cannot be ignored. In typical operations, the ratio
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FiG. 6. The ratio of film thickness at each position [a, b, ¢, and d indicated
in Fig. 5(a)] to the top film thickness w as a function of the sputtering yield
Y(0) under the conditions used in Fig. S.

of the metal neutral flux to the metal ion flux is about 1:1.'0
As mentioned earlier, the metal neutral flux is assumed to
have an isotropic distribution with a cutoff angle 52°. The
ion flux is a delta-function beam, perpendicularly incident
upon the horizontal substrate surface.

Figure 5 shows profiles of deposited thin metal films (lin-
ers) under three different sputtering yields Y=Y (0) at angle
0 (horizontal surface); (a) Y=0, (b) 0.4, and (c) 1.0. The
aspect ratio of the initial trench is 2.5 and the sticking coef-
ficient .. is assumed to be one. The value Y is actually the
effective sputtering yield, i.e., the number of sputtered atoms
per incident metal ion, regardless of whether the sputtering is
due to metal ions or Ar ions. If sputtering by the Ar ion flux
is negligible, then Y is the Cu-on-Cu sputtering yield.

Figure 6 shows the step coverage (i.e., ratio of the film
thickness at a particular position to the flat-surface film
thickness w) at four different sites indicated in Fig. 5(a) as
functions of the effective sputtering yield Y. The positions a,
b, c are at §, 3, and % of the trench depth, and d is at the center
of the trench bottom. Since the ion to neutral metal flux ratio
is 1:1, the film is deposited on the top surface only when
Y<2.0.

As may be seen in Fig. 5(c), the sidewall film thickness is
not necessarily a monotonic function of the height, unlike the
case of Fig. 4(b). At position a, a significant portion of the
incoming metal flux arrives directly from the plasma source,
rather than the resputtering from the bottom, and thus the
film thickness is slightly larger than that at position b. When
the sputtering yield Y is high [e.g., Fig. 5(c)], a significant
portion of the incoming metal flux at position ¢ is due to the
resputtering from the trench bottom, and thus the film thick-
ness is again slightly larger than that at position b. Therefore,
the film topography on the sidewall tends to be slightly
bowed (thicker near the top and bottom and thinner in the
middle) when Y is high. However, for sufficiently thin films,
such as those used in liner technology, this variation of the
sidewall-film thickness is not significant.

The critical sputtering yield Y., which we define as the Y
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metal deposition flux due to the presence of highly ionized
gas-phase metal and the applied bias voltage on the substrate
surface. With high ionization of metal in the plasma region, a
large metal ion flux with high directionality may be extracted
from the source to the substrate without damaging the sub-
strate. The other advantage is its ability to control the ion
flux energy incident upon the substrate surface. The amount
of resputtering from the substrate surface can be easily con-
trolled by the bias voltage.

It is also shown that, by selecting an appropriate bias
voltage to control surface resputtering, we are able to form
conformal step coverages over various trenches with differ-
ent aspect ratios in a single process. In this method, metal
atoms resputtered from the bottom of the trench are effec-
tively redeposited on trench sidewalls. As the bias voltage
(i.e., sputtering yield on the sample surface) is increased, the
film thickness on the sidewalls increases, whereas the film
thickness on the trench bottom decreases. The appropriate
bias voltage (i.e., critical sputtering yield) is the one that
gives similar film thicknesses on sidewalls and trench bot-
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tom. Since the critical sputtering yield Y is almost indepen-
dent of trench aspect ratios, one can conformally line
trenches with a wide variety of aspect ratios in a single pro-
cess.
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