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Abstract

Physical sputtering techniques are characterized by a mostly isotropic deposition profile, which is useful for depositing films
over steps, edges and lines. However, it fails for deposition into modest (>1:1) aspect ratio features due to overhang formation
and subsequent void formation. A number of techniques have addressed this issue. Sputtering at high sample temperatures has
been used to allow some degree of surface tension to help fill structures. Bias sputtering has been found to be useful for
reducing void formation in low aspect ratio features. Collimated sputtering has been developed to filter the depositing atoms,
resulting in mostly-normal incidence deposition. Finally, post-ionization of the sputtered atoms has been developed to deposit
films primarily from metal ions, which are accelerated to the sample surface by means of a d.c. sample bias. Each of these
techniques can lead to deposition within high aspect ratio features and will allow the application of sputter deposition for future

semiconductor manufacturing processes.

1. Introduction

Physical vapor deposition (PVD) techniques have
been among the most commonly used deposition
technologies for thin films for applications ranging
from microelectronics to automobile parts to food
packaging. Evaporation-based deposition, which will
not be discussed in this manuscript, has been widely
used and described [1-3], but is generally not consid-
ered a viable manufacturing technology in many fields,
particularly semiconductor manufacturing, because of
the difficulty of alloy control, batch-processing issues,
and the difficulty of scaling to large wafers. Sputter-
based PVD, however, is widely used and has had
several recent developments which will enhance its
future capabilities.

Sputtering is a fairly simple process which is based
on the impact of an energetic particle onto a surface.
If sufficient energy and momentum are transferred
into the near-surface atoms by the impact, one or
more of those atoms may have enough energy to
overcome the local binding energy and be emitted
from the surface. The emitted atom or atoms are
known as sputtered atoms, and if collected on some
nearby surface form the basis for sputter deposition.
The physics and dynamics of the sputtering process
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have been discussed at great length elsewhere, and
excellent reviews are available [4, 5].

Sputtered atoms are emitted from the surface in a
mostly random manner. The angular emission dis-
tribution is generally described as a cosine function,
normalized to emission at the surface normal. De-
pending on the choice of incident particle, energy,
sample species and orientation, departures from this
cosine distribution are routinely observed [4,6,7].
This may have modest effects on the directionality or
compositional control [8] of the deposited films. How-
ever, to a first approximation, the emission follows
roughly a cosine distribution.

For semiconductor manufacturing applications,
sputter deposition typically involves the use of mag-
netron sputtering sources. This is due to the high
deposition rate and relatively low level of energetic
bombardment of the sample. Systems used for semi-
conductors typically use cathodes of a diameter 50%
greater than the wafer or part diameter, cathode-to-
sample distances of a few centimeters, and operating
pressures of a few millitorr. In some cases, the
magnetic field of the magnetron is physically trans-
lated or rotated over time. This improves the uni-
formity of the deposit as well as increases target
utilization. With magnetron sputtering, the depositing

APPLE 1026



2 S.M. Rossnagel / Thin Solid Films 263 (1995) 1-12

atoms arrive at the sample surface in a mostly iso-
tropic nature. This is due to cosine emission profile,
the wide area of the sputtering target, the short
cathode—sample distance and some gas scattering.
This mostly isotropic deposition is useful in depositing
continuous films over various surface topographies
(steps, lines, etc), which is advantageous for electrical
conductivity and continuity. This advantage of “step
coverage” has caused sputtering to be widely used for
the deposition of interconnects on semiconductors,
which are patterned from the blanket film using
reactive ion etching (RIE).

More recently, driven by the increasing density of
features on a semiconductor, different patterning
techniques have evolved which rely on the etching of
trenches and vias into an existing dielectric layer. The
open trenches and vias are then filled with metal,
which can leave some metal deposited on the upper
surface of the dielectric. This unwanted metal is
removed using chemical-mechanical polishing, and
the result is a metal line or via interconnection which
is embedded in the dielectric with a flush, exposed
surface [9].

The aspect ratios of these embedded lines and vias
ranges from 0.5 to 5 or more (aspect ratio equals
depth/width). This has limited the applicability of
many deposition technologies, both from a directional
or conformal point of view, and also from a materials
point of view. Chemical vapor deposition has the
advantage of mostly conformal deposition and can be
readily used for high aspect ratio features. However,
the materials choice is somewhat limited. Tungsten is
routinely used for studs or vertical interconnects.
Titanium nitride as a diffusion barrier is becoming
available, and there is active work on Cu and Al for
interconnects [10]. Some manufacturing-scale hard-
ware for Al and Cu is starting to become available,
but many of the manufacturing challenges are formid-
able, such as rate, doping, uniformity, reliability,
safety, temperature and cost.

Still another alternate technology for metal deposi-
tion is electroless or electroplating [11]. While this is
limited to Au, Cu and Cu alloys [12], it has potential
because of eventual low costs and high rates. It does
require the wafer to be immersed in a plating bath,
which introduces new requirements for defect-free,
continuous films on both sides of the wafer. It also
introduces new challenges for semiconductor-equip-
ment manufacturers, most of whom have little ex-
perience with electroplating technology in manufactur-
ing applications.

Sputtering-based PVD, however, has been generally
incompatible with the high aspect ratio topographies
envisioned for near-term semiconductor interconnect
technology. The same feature, the near isotropic
deposition, which made sputter deposition advantage-

ous for step-coverage applications resuits in the depo-
sition of overhangs near the top edges of high aspect
ratio features, eventually resulting in void formation.
The remainder of this paper deals with techniques and
operating modes which extend sputtering into the high
aspect ratio deposition applications or selectively
deposit sputtered material on specific surfaces or
within structures.

2. Hot sputter deposition

One means of reducing void formation is to strongly
enhance the surface mobility of the depositing atoms
by raising the sample temperature. This technique
utilizes conventional or directional (see below) mag-
netron sputtering and sample temperatures elevated to
0.8-0.95 of the melting point. Because of the tempera-
tures involved, this technique has mostly been used
with the deposition of Al and Al alloys [13-16]. At
temperatures of 500 °C to 600 °C, sputtered Al films
exhibit macroscopic movement on the sample surface,
which can result in the accumulation of the deposited
metal within trenches or vias. Often this effect does
not occur uniformly during the deposition time at
elevated temperature, i.e. it is not predominantly a
surface diffusion-driven effect. Studies have shown
that a void is still present until a minimum flat-plane
thickness of the deposited metal is reached, and then
the metal is pulled into the via by surface tension [16].
It is also possible to demonstrate this same effect by
post-heating samples deposited at room temperature.

It is necessary with the hot sputter deposition of Al
or AlCu films to deposit a diffusion barrier to reduce
contamination of the Al from nearby Si. Typically Ti
or Ti/TiN has been used at thicknesses of 500-700 A.
It has also been found to be necessary to first deposit
at least thin layers of Ti or Al within the trench or via
to help draw nearby Al into the via opening.

This technique has been used to successfully fill
trenches and vias of sub-0.5pm width and aspect
ratios of up to 4:1 [15]. A variation of this technique
uses AlGe alloys, which have a low cutectic tempera-
ture (424 °C) and reasonable conductivity [15].

There are several concerns with using high tempera-
tures (>500 °C) during sputter deposition. The first is
the formation of precipitates within both the deposited
metal as well as existing structures on the wafer [17].
A second concern is the effect on dopant profiles. A
potentially serious problem is the effect of thermal
stress mismatch (between the metal and dielectric
layers), due to the multiple thermal cycles that would
be necessary for any multi-level interconnect technolo-
gy. A fourth problem could be an effect of scavenging,
in that larger features may preferentially accumulate
metal at the expense of finer features. And finally,
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from a practical point of view, elevated temperatures
in this range can result in technical problems with the
sputtering system, caused by local outgassing or ther-
mal expansion. However, even with these potential
problems, the technique remains one of the few ways
to deposit metal lines and studs using manufacturing-
scale PVD systems and it is a potential deposition
process for 64-256 Mbit DRAM production.

3. Sputtering with ion bombardment

Concurrent ion bombardment during sputter deposi-
tion is routinely achieved by means of applying a
negative potential to the substrate, known generically
as bias sputtering. lons from the plasma bombard the
growing film and may cause physical sputtering as well
as drive various chemical reactions. Bias sputtering
has commonly been used to help planarize films that
are being deposited over steps or lines [18] because
the sputter yield of the non-planar areas of the film is
greater than the yield in the planar areas.

Bombardment of the sample with ions has been
found to be desirable to modify either the physical or
chemical structure of the film. A common example is
the deposition of TiN. To form TiN, Ti is reactively
sputtered in a background gas containing N,. How-
ever, it is also necessary to either heat the surface to
400-700 °C or else bombard the surface with ions to
cause the nitride reaction to occur. For many sub-
strates, raising the sample temperature is not realistic,
and ion bombardment is preferred. Due to the rela-
tively good plasma confinement with conventional
magnetron sputtering (as opposed to r.f.-diode sput-
tering), the bias currents are inadequate. This has lead
to the development of the unbalanced magnetron [19]
in which the plasma confinement is designed to be
weaker, and ions from the plasma are more likely to
drift to the sample location to form the bias current.

Bias sputtering can be used to enhance the deposi-
tion of films into low aspect ratio structures (<1:1)
which have fairly wide lateral dimensions (>0.8 wm)
[20]. The concurrent ion bombardment can sputter-
back the overhanging film which is deposited at the
upper edge of a trench or via, again taking into
account the increased sputter yield of non-planar
surfaces. However, this effect has been found to fail at
aspect ratios of 1:1 and higher, resulting in void
formation. For features narrower than about 0.8 pm
there can also be considerable redeposition of the
sputtered material across the feature onto the oppos-
ing side. This results in increased overhang deposition
and rapid void formation. Bias sputtering may also
contribute to measurable sample heating, and as such,
promote surface diffusion and surface tension effects.
Some of the earlier work on elevated-temperature

sputter deposition used both high levels of bias as well
as elevated temperatures to reduce void formation.

A variation of bias sputtering for selective sputter
deposition into structures on a wafer surface has
recently been developed by Berg et al. [21]. They
utilize the observation that the sputter yield for a very
thin layer of any particular material is sensitive to the
species of the underlying material [22]. Their tech-
nique uses bias sputtering at carefully controlied ion
energies. This bombardment sputters (re-sputters) the
depositing film, but the yield is dependent on the local
substrate material. For one case they described, Al
was sputter deposited into a window of oxide on Si
(Fig. 1). Prior to deposition, the top of the oxide was
coated with a 3000 A layer of W. Under 300 eV bias
sputter conditions, there was no net deposition on the
W mask, yet there was significant net deposition into
the window structure, which had a Si base. The W
mask was slowly eroded by the incident ions, and then
would be completely removed by a subsequent re-
active step.

This technique may become useful in the selective
filling of trench and via structures, particularly since
the materials used (Si, oxide, Al and W) are common-
ly used in semiconductor applications. There are
related effects, such as bevel formation, ion reflection
off the sides of structures and the resultant trench
formation, and also redeposition which must be ad-
dressed with this technology.

In general, though, bias sputtering is limited by (a)
the wide emission distribution of the sputtered atoms
from the cathode, and (b) the negative effects of
high-current or high-energy ion bombardment during
deposition, which can result in sample damage, bevel-
ing, redeposition, charging effects, and simple heating
of the substrate.

Before Deposition

OXIDE

Si

After 300 eV bias sputter deposition of Al

Al w

OXIDE

Fig. 1. Cross-section of substrate-selective sputter deposition [21].
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4. Directional sputter deposition

The principle feature driving the nearly-isotropic
deposition nature of sputtering is the cosine emission
profile. Most magnetron cathodes are operated in
pressure—distance regimes where the sputtered atoms
travel in a straight trajectory from the cathode to the
sample without gas-phase collisions. One solution to
the broad emission profile of sputtering has been to
filter the emitted atoms by means of an adsorbing,
directional filter [23, 24]. This filter, generally known
as a collimator, is typically an array of closely-packed
oriented tubes which are configured with their axis
normal to the cathode/sample planes (Fig. 2). Emit-
ted, sputtered atoms from the cathode which have a
trajectory along the axis of the tube will pass through
the tube and land on the sample. Atoms with more
oblique trajectories will be collected on the inner walls
of the collimator.

This is a subtractive process, and results in signifi-
cant reduction of the deposition rate. Pictorially this
can be seen in Fig. 3, which shows (in 2-D) a cosine-
like emission profile from a surface. The effect of the
collimator is to eliminate all but a narrow cone of the
depositing atoms. The aspect ration of the collimator
will determine the effective shape of this cone: high
aspect ratio collimators will narrow the distribution to
a smaller and smaller half-angle.

Collimated sputter deposition has been shown to be
applicable to the filling and lining of high aspect ratio
structures [24—40]. The mostly normal deposition flux
will fill a trench or via from the bottom up and the
overhangs common with conventional sputtering are
significantly reduced. Collimated sputter deposition
has been extended to a variety of different sputtering
systems as well as different cathode materials. Perhaps
the most widely used application is for the deposition
of Ti or TiN diffusion barrier films to line trenches and
vias [25-27, 33-40]. Trench and via filling applications
in manufacturing with AICu or Cu have tended to be
limited to modest aspect ratios (1.5:1) because of the
low, net deposition rate at higher aspect ratio.

Magnetron Cathode

Sputtered atoms

ARRRERRRENERN N
1_—7

Wafer on Chuck

_ I

Fig. 2. Collimated magnetron sputter-deposition system.

Surface

~&—— Cosine-like emission
distribution

Effective deposition
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For a 2cm high collimator located 2cm from cathode: |

i

Aspect Ratio Emission Width (degrees)
1:1 28 (ie. +/-14)
2:1 14
3:1 11 ]

4:1 7

Fig. 3. Cosine emission distribution for sputtered atoms, as modi-
fied by filtering with a collimator.

A number of studies have examined both the
directionality of the deposition [28,29, 31], the uni-
formity of the deposition across a collimator hole
[29,31] and across the wafer [41], clogging of the
collimator holes [30], and the microstructure of the
deposited films [34, 42, 43]. The deposited film struc-
tures can be fairly sensitive to sample temperature due
to the extreme directionality of the depositing atoms
[24]. Depositions at cold temperatures (i.e. near room
temperature) result in very columnar depositions on
the sidewalls of vias and trenches. These low-density
deposits are undesirable, and are generally eliminated
by moving towards deposition temperatures closer to
1/3 or more of the film melting point to encourage
recrystallization.

A number of practical problems have become
apparent regarding the implementation of collimated
sputtering in manufacturing. The most obvious is the
eventual closure of the collimator holes due to the
deposited layers. Even holes with diameters exceeding
1.5cm show significant degradation (i.e. partial clo-
sure) on the scale of depositing a few hundreds of
wafers. The closure effect results in an increase, with
sputtering time, of the effective aspect ratio of the
collimator, and a subsequent reduction in the deposi-
tion rate. Generally, it has been found that the

-practical collimator lifetime is of the order of the

cathode lifetime for cathodes about 1cm thick. In
addition, over time as the effective collimator aspect
ratio changes, the deposition uniformity across the
sample can also change {41].

The collimator is usually cooled because it is closely
exposed to the dense plasma. The choice of materials
used includes 1-2 cm thick sheets of Cu, al or Al alloy
with a close-packed array of round or hexagonal holes
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machined in the sheet, cast Al honeycombed struc-
tures, as well as arrays of square or hexagonal chan-
nels or tubes which are made by spotwelding thin
sheet metal pieces. For some applications, the col-
limator material is chosen to have a similar thermal
expansion coefficient to the depositing film to reduce
thermal-cycle-induced film peeling and flaking,

The collimator functions as an array of pin-hole
cameras, cach imaging a specific area of the cathode
onto the sample. This changes the deposition uni-
formity requirements for the cathode, often requiring
redesign of the magnet assembly. Most cathodes are
designed to etch at a slightly faster rate near the
cathode perimeter to make up for losses out to the
sides of the systemn. With a collimator in place,
imaging the cathode emission directly onto the sam-
ple, this higher etching rate is no longer desired, and a
much higher degree of uniformity across the cathode is
needed.

Collimated sputter deposition has proved to be a
useful technology for semiconductor applications. It is,
however, relatively slow and requires the aspect ratio
of the collimator be equal to or greater than the
highest aspect ratio feature on the sample. This, in
turn, exaggerates many of the problems listed here.

One related means of reducing the deleterious
effects of the collimator is to sputter deposit with a
very long cathode—sample distance without a physical
collimator. This was first used with hollow-cathode
supported discharges and lift-off technology [44]. At
long throw distances and low pressures, atoms with
trajectories away from normal incidence tend to
impact the walls of the chamber, and only atoms with
near-normal incidence deposit on the sample. This is
functionally equivalent to using the chamber walls as
the collimator, and many of the intrinsic problems
with low rates and thick deposits on fixtures remain.
In addition, this technology is geometrically limited to
relatively low aspect ratio depositions. The sputtered
atoms in this case must not suffer gas-phase collisions,
which, coupled with a minimum pressure of operation
needed for conventional magnetron cathodes
(0.5mTorr), limits the effective throw distance to
about 20-25cm. For a 200 mm wafer, the practical
upper limit for the aspect ratio of the deposit is then
about 1.3:1.

5. Collimation with concurrent ion bombardment

The introduction of a collimator between the
cathode and the sample has the effect of essentially
eliminating the presence of any significant number of
ions or electrons at the sample position. Collimators
are usually grounded, and their orientation with
respect to the magnetic field of the magnetron results

in very efficient electron collection. This has the
advantage of reducing the thermal load on the sample,
which has been shown to allow the use of photoresist
masks on uncooled wafers without degradation to the
mask (<80 °C) [23, 24].

To provide any level of concurrent ion bombard-
ment during collimated sputter deposition the addition
of separate ion sources has been required, which are
mounted such that ions impact the film surface at
non-thermal incidence [45] (Fig. 4). In this example, a
Kaufman-type ion source is configured such that the
ion beam impacts the surface at about 15° from the
horizontal. This has distinct geometrical advantages
over a normal incidence ion bombardment (i.e. con-
ventional bias sputtering) for the filling of trenches
and vias. The grazing-angle ion bombardment results
in preferential sputtering of film material deposited on
top of the trench structure, with very little sputtering
of the material deposited into the trench structure.

The results of grazing-angle ion bombardment dur-
ing collimated sputter deposition are shown in Fig. 5.
In this case, Al was deposited using collimated sput-
tering with concurrent 600 €V Ar-ion bombardment.
The result at longer times can be either planarized
films on top of the filled structure, or else the top film
materials can be removed almost entirely.

This technique does not fix the intrinsic problem
with sputtering, that the atoms are emitted from the
cathode with a cosine distribution. However, it re-
duces the amount of filtering required with the col-
limator. In general, the aspect ratio of the collimator
can be reduced to less than that of the sample
features, because the grazing angle sputtering reduces
the build-up which would shadow the fill. By reducing
the aspect ratio of the collimator, several of the
technical problems caused by the collimator (deposi-
tion build-up, flaking, uniformity changes, etc) can be
reduced. However, this technique does not lead to any
significant increase in deposition rate into the trench
or via. That is because the atoms which eventually

Magnetron Cathode

I

\

_JLRRARRRARNY

Sputtered atoms

aufman ~._ Collimator
lon Source | )
r‘/ //v/ ) ~
e
5.150 — ]

Rotating wafer Holder

Fig. 4. Grazing-angle ion bombardment during collimated magne-
tron sputter deposition.
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Fig. 5. Results of collimated sputter deposition in the presence of grazing-angle ion bombardment. (a)-(d) show increasing levels of ion

bombardment at 600 €V at grazing incidence [45].

deposit deep within those structures require a near-
normal trajectory from the cathode to the sample,
which is fundamentally limited by the cosine distribu-
tion of the sputtering process. This process does allow,
however, the deposition of filled features plus a
planar, blanket-film top layer. This planar film can be
subsequently patterned by means of RIE. This com-
bined process eliminates the need for a number of
process steps: polishing the via, deposition of interfa-
cial layers and potentially some lithographic steps. It
also eliminates the interface between the via (stud)
and the metal lines, removing concerns about inter-
diffusion and spiking, resistive contacts, etc.

6. Ionized deposition

The intrinsic problem with considering sputtering-
based technology for directional applications is, again,

the cosine-like profile of the emitted atoms. A solution
is to deposit films mostly from ions, rather than
neutrals. Metal ions in a plasma are accelerated across
the sample sheath at normal incidence, and impact the
surface at very close to 90°. In addition, the incoming
kinetic energy of the ions is simply dependent on the
difference between the plasma potential and the
substrate potential. The directional component of the
depositing ions is useful in projecting the metal species
down into high aspect ratio features. The energetic
component is desirable because it can be used to
re-sputter the depositing film, resulting in the etch-
back of sputter-deposited overhangs at steps as well as
redistribution of the sputtered atoms on the wafer
surface. If 100% of the metal atoms which were
sputtered from a cathode could be ionized, in the
order of 50% could be used for deposition. The other
50% would be re-used in sputtering the cathode. This
compares with only 2-10% efficiency of collimated
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sputtering. The difficulty is in obtaining large numbers
of condensable, metal ions.

Early work on ionized or partially ionized deposi-
tion utilized ionization of an evaporated flux of metals
atoms, in a technique known as ion plating [46]. Some
fraction of these evaporated atoms were ionized by
passing the vapor stream through an electron beam or
by inducing a weak plasma near the sample. The
relative level of ionization in this case was generally
very small, of the order of a few percent, and this was
not found to be suitable for high aspect ratio deposi-
tion applications.

This technology was extended to higher ionization
fractions by Holber et al. [47], using an ECR plasma
to ionize metal from a vapor stream to deposit metal
into semiconductor features. This followed earlier
work by Kidd in sputter-based ECR ionization [48]. In
Holber’s work, they also chose to deposit off to the
side rather then within sight of the evaporation source
(Fig. 6). This reduced the number of non-ionized
metal species to virtually zero at the wafer position.
With this technique, they were able to deposit Cu
films from Cu” ions into 4:1 aspect ratio features on a
wafer surface. Holber also observed a strong self-
sputtering effect. The net, flat-plane deposition rate
which had a maximum of about 4000 A min™" at very
low substrate voltages fell linearly to zero at about
225V (i.e. approximately 230 eV). At this point, the
effective self-sputter yield exceeded 1.0, and each
of the depositing atoms on planar surfaces was
removed.

During conventional sputtering (diode or magne-
tron), the emitted flux is virtually 100% neutral. This
ignores the contribution of negative ians, which can be
significant in any compound deposition process involv-
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Fig. 6. ECR-based ionized deposition of evaporated metal flux [47].

ing oxygen either in the target or the working gas. For
metal sputtering in an inert gas, only a few percent at
best of the emitted neutral atoms are ionized during
transit through the plasma. For magnetron sputtering,
even though the plasma densities can be extremely
high (10'* cm? and greater), the relative ionization of
the sputtered species as they pass through the plasma
in most systems is a few percent or less primarily
because of the very small plasma volume, the high
velocity of the sputtered atoms, and the low gas
pressure. There have been recent reports of self-
sustained magnetron operation, in which sufficient
ionization of the sputtered atoms takes place in the
plasma to allow the reduction or removal of the
working background gas [49]. This phenomena is
limited at present to cathode materials with relatively
high sputter yields, such as Cu or Ag, and very high
cathode power densities.

The ionization of a significant fraction of the sput-
tered atoms (e.g., 30-100%) in conventional sputter-
ing devices has required the addition of a second
plasma in the region between the cathode and the
sample. Two techniques have demonstrated this ef-
fect, the first using an inductively-coupled r.f.
plasma [50-52], and the second using an ECR plasma
[53, 54].

The first case is shown in Fig. 7. In this experiment,
a conventional magnetron cathode system is config-
ured with a r.f. multi-turn electrode with a diameter of
the order of the cathode diameter located midway
between the cathode and the sample. The r.f. coil was
powered at 13.56 MHz in such a manner as to produce
a predominantly inductively-coupled plasma in the
background gas in the sample region. Plasma densities
in this case can approach 10'°cm™* with electron
temperatures of a few electronvolts. Sputtered atoms
which enter this discharge region have a high prob-

L_ DC Magnetron Cathode ‘_]

. "/’ b
- X, Sputtered atoms

Water-cooled o . P
RFI electrode . ) . .__,A,_J

‘ Wafer Holder -j

‘ + Substrate bias
power supply

Fig. 7. lonized magnetron sputter deposition system [52],



8 S.M. Rossnagel | Thin Solid Films 263 (1995) 1-12

ability of becoming ionized due to the high electron
density and the relatively low ionization potential for
most metals (5-8 €V). The mean free path for ioniza-
tion is simply:

I=v_/(n)(sv)

where n is the electron density, s the-cross section for
ionization, v the electron velocity and v, the metal-
atom velocity. The average value of the product of the
cross-section and electron velocity is needed because
of the variety of electron energies and the energy
dependence of the cross-section. For a plasma density
of 10" em ™, the mean free path for a sputtered metal
atom (Al or Cu, for example) is about 40 cm, assum-
ing no gas-phase collisions. The presence of these
collisions tends to increase the effective path length of
the sputtered atom as well as to slow down the
sputtered atom, which also increases its effective
cross-section [55]. The relative ionization measured
with this experiment ranges from 10-20% at 5 mTorr
up to 85% at 30-40 mTorr [51, 52]. This is consistent
with the mean free-path predictions.

The ionized metal particles are then accelerated by
means of a negative d.c. bias on the sample surface,
and impact with an energy equal to the difference
between the plasma potential (5-20 V positive) and
the substrate potential.

The ECR approach relies on acceleration of ions
from an inert-gas ECR plasma onto a negatively-
biased metal surface or cathode. Metal atoms sput-
tered from this cathode enter the ECR plasma and
may be ionized and then accelerated across a sample
sheath for deposition. This differs from the r.f. ap-
proach just described in that there is only a single
plasma: this plasma is used for sputtering the cathode
as well as deposition of the ionized, sputtered atoms.

In the ECR experiment [54] a fixed-magnet inert-
gas ECR plasma is set up in a chamber by positioning
a large permanent magnet just outside the top of the
chamber, and ducting in microwave power (2.45 gHz)
at 1-5 kW (Fig. 8). This generates an ECR plasma in
the chamber with densities approaching 10> cm ™. An
annular, water-cooled Cu cathode is configured ad]a-
cent to this ECR plasma. Ions from the plasma are
accelerated by a several hundred volt negative po-
tential on the cathode, causing sputtering and emission
of the metal atoms into the ECR discharge. Some
fraction of the metal atoms can be ionized, and then
upon reaching the sample position can be accelerated
by a negative substrate bias. The only fundamental
difference in these two approaches, aside from the
choice of r.f. or ECR frequencies, is that in the ECR
case the cathode is operating in an ion-saturation-
current mode, rather than a magnetron mode. This is
intrinsically self-limiting, as high metal levels will cool
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deposition tool
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Fig. 8. ECR-based ionized deposition based on sputtering of a
cathode adjacent to the ECR region [54].

the plasma resulting in lower density and/or lower
electron temperature and hence less bombardment of
the cathode. Therefore, the relative ionization of the
depositing films should be constant as the microwave
power and hence the deposition rate are increased.

The films deposited in these two experiments origi-
nate both from ions, which are accelerated by the
substrate potential, as well as low-energy sputtered
(neutral) atoms which have passed through the plas-
ma. The deposition into trench structures is strongly
dependent on the ratio of ions to neutrals: the ions are
directional and the neutrals are mostly isotropic. An
example is shown in Fig. 9, where the ratio of ions to
neutrals was increased from about 30% to about 70%
(Figs. 9(a)-9(c)). Relative ionization levels of about
70% appear sufficient to directly fill 1.5:1, 4000 A
wide trenches with AlCu at room temperature.

The microstructural character of thesc films is
different, as might be expected, from conventionally
sputter-deposited films [42]. AlCu films deposited with
a high ion-to-neutral ratio resulted in highly-preferred
(111) orientation, relatively abrupt film/substrate in-
terfaces, and no indication of surface facetting. While
the film layers did contain inhomogenous strain due to
residual ion-irradiation-induced defects, both the Ar
incorporation levels and the residual stress were very
low |42]. TiN films were also reactively deposited
using the ionized magnetron sputter deposition tech-
nique. The film quality was sensitive to the ion energy
over the range of 20-100 V. At low ion energies, the
films were dark and highly resistive. As the ion energy
was increased (at room temperature), the films
became more consistent with the bright yellow-gold
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(a)

(0

Fig. 9. Cross-section of directed deposition as a function of relative ionization: (a) approx. 30% ionized; (b) approx. 50% ionized; and (c)

approx. 68% ionized.

color of TiN, and the resistivity dropped to levels in
the 35-40mQ cm range (Fig. 10). The films were
stable and showed no degradation in either appear-
ance or resistivity over periods in room air exceeding
12 months.

Increased ion energies can result in significant
resputtering of the depositing film. In some cases, this

RESISTIVITY (Micro-Ohm-cm)

1200

can result in the etching back of overhangs at the
edges of trenches and vias, resulting in better filling
capability. Resputtering also results in the redistribu-
tion of atoms inside a trench or via, which helps to
eliminate self-shadowing which can occur at corners.
However, as mentioned earlier, facetting and sub-
sequent redeposition in narrow structures can lead to

1000

800

400

200

Bulk resistivity = 18 micro-Ohm-cm

60 70 80 90 100 110 120

DEPOSITING ION ENERGY (eV)

Fig. 10. Electrical resistivity of 500 A TiN films on Si deposited using ionized magnetron sputter deposition as a function of ion energy (sample
potential plus plasma potential). Samples were water-cooled 5 in diameter Si wafers.
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(@

(b)

(©

Fig. 11. Cross-sections of AlCu films deposited into trenches using ionized magnetron sputter deposition as a function of ion energy: (a) 20 €V;
(b) 70 eV; (c) 120 eV. The relative ionization in these cases was approximately 50% (i.e. 50% of depositing Ti particles were ionized).

lateral deposition on the opposing side of the feature,
eventually closing off the feature and forming a void.
This can be seen in Fig. 11, where under constant
relative ionization (50%), increasing the ion energy
and the subsequent sputtering level results in rapid
closure of the feature. Recent modeling results con-
firm this result (Fig. 12) [56]. This effect, though, is
only apparent at widths below about 0.8 um. For
larger lateral dimensions (=1 pm), redeposition does
not appear to be significant, regardless of the aspect
ratio.

Ionized sputter deposition has also been used to fill
multilevel features on a wafer. Typically, these fea-
tures take the form of a low aspect ratio trench or pad
with a hole or via located on the bottom of the
feature. These two-layer, or “dual damascene” fea-
tures eliminate the interface between the via and the
pad, which significantly reduces both the number of
process steps as well as the reliability and longevity of
the structure. An example of using ionized PVD for
this type of feature is shown in Fig. 13. In this two-
step figure, a 0.4 pm diameter via is located under a
line of width 1.6 .m. Since the via is not centered

(2)

(b)

under the line, the aspect ratio of the feature is then
direction dependent.

Ionized deposition techniques (both r.f. and ECR
based) have the potential for applications both in
lining and filling trenches and vias on semiconductors,
although it seems likely that for trench-fill applications
low ion energies are necessary to suppress sputtering
and redeposition. One clear advantage of these tech-
niques is that they are sputtering based, which allows
easy control of alloy composition. In addition, these
techniques make use of the extensive basc of sputter-
ing hardware and experience, which should make their
transition into manufacturing applications more rapid.
The techniques may eventually replace collimated
sputter deposition, which has become widely studied
primarily for diffusion barrier and adhesion layer
applications. The removal of collimators from the
deposition chamber should result in reduced contami-
nation as well as higher effective cathode utilization.
The technique has also recently been applied to non-
semiconductor applications, such as coating inertial
confinement fusion targets or the deposition of hard,
carbon-nitride coatings [57].

Fig. 12. Computer modeling of Al depositions comparable under conditions similar to Fig. 11(a)—(c) [56]. Total sputtering yields: (a) 0.0; (b)

0.6; () 0.8

10
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(a)

(b)

Fig. 13. Cross-section of a two-layer, “dual damascene” trench and via structure. Deposition using ionized magnetron sputtering at —60 V

sample bias. (a) 30% filled feature, (b) 80% filled feature.

7. Conclusion

Directional and preferential sputtering technologies
will extend the use of physical sputtering for several
additional generations of microelectronics applica-
tions. The preferential deposition technique has the
advantage of being mask-less, in that it uses fun-
damental aspects of the sputtering process to selective-
ly deposit films into features. The raised-temperature
sputtering is an interim technology that uses simple
re-flow of deposited films in a manner that can be used
for fill applications. The technique is limited by the
relatively extreme temperature requirements and
many residual problems, the worst of which will be
simply thermal stress. Collimated sputter deposition
and collimated-with-grazing ion bombardment are also
interim technologies. By the nature of collimation, a
very large fraction of the sputtered flux is collected
prior to reaching the film surface. The resultant
depositions may be of high quality, but the cost in
terms of wasted material, deposition rate and residual
issues caused by the thick deposits on the collimators
will limit this technology to relatively thin or special-
ized applications. The ionized technique shows most
promise for future application. By ionizing the sput-
tered atoms, the directionality and energy is easily
controlled, which allows much better control of the
deposition process for microelectronics applications.
There are concerns, however, related to sample heat-
ing or large sample currents that must be resolved
before this technique can be used routinely.
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