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Abstract—Ionized physical vapor deposition (IPVD) is a new
method for depositing metal into high-aspect-ratio features used as
interconnects in microelectronic fabrication. It is similar to sput-
tering except that a portion of the metal flux to the substrate is
ionized. We show how a high ionized-metal-flux fraction (IMFF) at
the deposition location improves the bottom coverage of deposited
metal films. To measure IMFF, a tool was developed, that biased
the front surface of a microbalance crystal directly so as to repel
ions. Cu IMFFs to the substrate of greater than 90% along with de-
position rates of 1000�A min can be achieved. A statistical model
for both IMFF and total metal flux as a function of four control
variables: chamber height, Ar pressure, ionizer power, and sputter
power was developed.

Index Terms—Bottom coverage, copper, deposition, ionized
physical vapor deposition, plasma, sputtering, statistics.

I. INTRODUCTION

SEMICONDUCTOR manufacturers continually face scien-
tific and manufacturing challenges as the critical dimen-

sions of the patterned features on silicon wafers decrease. The
formation of the metal wiring for interconnection of the var-
ious circuit elements is an important step in the manufacture of
integrated circuits (ICs). The metallization steps have tradition-
ally been accomplished by physical vapor deposition (PVD) and
chemical vapor deposition (CVD).

A critical concern facing the IC industry is the need to met-
allize high aspect ratio structures, i.e., structures with a vertical
dimension greater than their lateral dimension. Ionized physical
vapor deposition (IPVD) is a new PVD method that addresses
the need to metallize high aspect ratio features. This paper ex-
amines the optimization of the copper IPVD process [1] for use
in such high aspect ratio features.

A. Problems Faced in the Metallization of High Aspect Ratio
Features

Metal deposition for contacts, vias, and trenches is typically a
two-step process: 1) depositing a conformal liner, and 2) filling
the feature with high-conductivity metal. Thus, prior to filling a
feature with high-conductivity metal, the surface of the feature
must be conformally coated with 100 to 500of liner metal.
After the conformal liner has been deposited, the feature is then
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filled with a high conductivity metal. Typical features have a
height on the order of 1 m. Since filling requires films 100
times thicker than those needed for producing conformal liners,
the two processes face different problems and need to be inves-
tigated separately.

B. Filling

As the aspect ratio of features increases, traditional sputtering
becomes ineffective to fill these features. The isotropic trajecto-
ries of the depositing metal atoms cause metal to be deposited
faster on the upper surface of the wafer and around the upper
edges of a hole than into the bottom of the hole. As the aspect
ratio is increased, the nonuniform deposition can become so se-
rious that the top of the hole pinches off before the hole is filled
and thus leaves a buried void.

Typical materials for filling features are W, Al, and Cu. The
resistivity of Al is less than W and the resistivity of Cu is even
less than Al. For this reason, it is likely that less and less W will
be used in interconnects and the metallizing step will eventually
move away from Al and entirely to Cu. It is unlikely that W will
be used for fill metal in high-aspect-ratio features, because it is
likely to be phased out before the aspect ratio will be too high
for conventional sputtering methods.

C. Lining

There is no fear of closing off high-aspect-ratio features when
lining, because the films are designed to be much thinner than
the minimum feature width. Typical lining materials Ti, TiN, Ta,
TaNi, W, and WNi, have a much higher resistivity than those of
many fill materials. It is therefore desirable to keep the liner as
thin as possible so that the contact or via can be filled primarily
with a high conductivity metal such as Cu.

The goals of a good high-aspect-ratio feature lining process
are uniform sidewalls and bottom coverage. For contacts, it is
desirable to have thicker bottom coverage to give extra protec-
tion to the underlying Si substrate. In a similar fashion tofilling
high-aspect-ratio features, traditional sputtering has difficulties
lining high-aspect-ratio features. The process tends to deposit
the metal largely around the upper sidewalls of a hole but de-
posits onto the bottom and lower sidewalls at a much slower
rate.

We show here how it is possible to optimize the deposition
rate while still retaining a high fraction of ionized particles in
the plasma, which, we believe, will make the process most ef-
fective in metallization of high-aspect-ratio features. The two
conditions (high deposition rate and high ionization fraction)
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Fig. 1. Cross-sectional schematic diagram of vacuum chamber showing
location of main components. All dimensions in cm.

often require opposite operating conditions. For example, a high
fraction of ionized particles will result when the neutral par-
ticles spend the longest time possible between the sputtering
target and the substrate. To obtain a high deposition rate, on
the other hand, the sputtering target should be placed as close
as possible to the substrate. Similar opposing conditions also
appear in the casse of gas fill pressure, as well as sputter and
ionizer power levels. Furthermore, even after optimizing these
two quantities (ionization fraction and deposition rate) we must
further examine these conditions on the effectiveness of bottom
coverage of the deposited metal.

It must be noted that in practice the aspect ratios that are uti-
lized in this work are often higher and the liner coverage on
the sidewalls becomes more of a critical issue than bottom cov-
erage. Although our experimental work does not consider these
higher aspect ratios, the optimization methods utilized here can
be applied to liner coverage at higher aspect ratio conditions.

II. EXPERIMENTAL APPARATUS

A. Vacuum Chamber

An aluminum cylinder, 45 cm in diameter by 50 cm tall,
defines the main volume of the vacuum chamber as shown in
Fig. 1. The cylinder rests on an aluminum base plate that has a
number of ports. It is possible to flow up to three gases into the
vacuum chamber at one time, but for nearly all experiments, Ar
was the only gas used and its flow rate was set to 25 sccm.

B. Other System Components

The temperature of the chamber is controlled with heat tape.
When there is plasma in the vacuum chamber, the heat tape plus
the additional power from the plasma source allows the chamber

to regulated to 100C for all experiments. A water-cooled wafer
chuck, large enough for a 300-mm wafer, is installed along the
centerline of the vacuum chamber through a quick connect in
the base plate of the chamber.

A commercial 5-kW 15-cm diameter magnetron sputter gun
is installed through a port in the center of the top lid of the
chamber. The location of the gun target surface can be adjusted
between 7.5 and 28 cm above the wafer chuck. A copper water-
cooled target was used for all experiments. An aluminum an-
nular disk was attached to the sputter gun so that the target
protruded through the ID of the disk and was flush with the
disk’s front surface. The disk served as an artificial vacuum
chamber wall so we were able to measure the effects of a vari-
able chamber height on process conditions. When the target sur-
face was not flush with the top of the vacuum chamber, this ar-
tificial “chamber wall” defined the upper edge of the process
chamber. Hence, as in a production system, plasma and sput-
tered metal cannot extend above the plane of the sputtering
target.

C. Ionizer Antenna

In order to ionize the metal vapor as it drifts from the sput-
tering target to the wafer chuck, an auxiliary plasma (in addition
to that produced by the sputter gun) was created between the
sputter target and the wafer chuck. The plasma must be dense
and uniform over the sputtering plane. Several methods for
producing the auxiliary plasma have been implemented. They
are: electron cyclotron resonance [1], a 13.56-MHz internal
antenna inductively coupled plasma [2] and a 13.56-MHz
external antenna inductively coupled plasma with an internal
Faraday shield [3].

We used a single turn antenna inside the vacuum chamber
fed with 13.56-MHz r.f. power. Placing the antenna inside the
vacuum chamber, where it will be in intimate contact with the
plasma, is unique to IPVD systems. By comparison, inductively
coupled plasma etchers have an antenna external to the vacuum
chamber, and the electric fields are coupled through a quartz
window. An internal antenna is preferred for IPVD because if
the antenna were placed outside a dielectric wall [3], sputtered
metal would quickly coat the inside of the wall and shield out
fields produced by the antenna.

The plasma it produces can sputter the antenna itself. This
is especially true if dc current is not allowed to flow between
the antenna and ground by blocking capacitors. The rectifying
effect of the plasma tends to create a self bias on the antenna
much like the self bias which occurs during RF sputtering of
a nonconductive target, or the self bias that often appears on a
substrate placed in a plasma under RF excitation. Copper was
chosen for the antenna so that sputtered antenna material would
contribute to the copper films being deposited, rather than con-
taminate them. The antenna was always located 5 cm above the
wafer chuck.

III. EXPERIMENTAL RESULTS AND ANALYSIS

This section begins with a description of how the copper
metal vapor can become ionized to a large fraction and retains
reasonable deposition rates. We discuss the maximization of the
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total metal flux (TMF) for given values of the ionized metal
flux fraction (IMFF) followed by a discussion of optimization
of bottom coverage.

A. Maximization of TMF as a Function of IMFF

It has been shown in the literature that IPVD systems can
achieve fairly high IMFFs. However, a general trend observed in
most IPVD experiments is that when the IMFF is increased, the
TMF decreases. It is therefore important when trying to achieve
a high IMFF to ensure that the TMF is not so low that the process
will not be usable.

A special quartz crystal microbalance [4] was developed to
differentiate between depositing ions and neutrals by biasing the
front surface of the crystal to repel ions. Furthermore, we chose
to use the width at the top of the SiOof the wafer as the width
and the distance from the top of the SiOto the bottom center
of the trench as the height of the trench.

The measurement used to quantify metal film coverage was
bottom coverage. Bottom coverage is the ratio of the metal film
thickness at the bottom center of the feature to the metal film
thickness on the main surface of the wafer. The aspect ratio and
bottom coverage can clearly be seen in Fig. 2.

To examine the problem, we will utilize a statistical exper-
imental design. Four input factors will be used. They are: 1)
chamber height ; 2) Ar pressure ; 3) ionizer power ;
and 4) sputter power . We will use these to maximize two
output variables, IMFF and TMF. IMFF and TMF are measured
at the center of the substrate with the modified quartz crystal
microbalance. We then develop a mechanistic model to show
the relationships and show that the maximum TMF always de-
creases as the IMFF increases. We also show that it is possible
to approach a TMF of 1000 with an IMFF of greater
than 90%.

The chamber height in the system, i.e., the distance between
sputter target and substrate, as described in Section II, was
varied between 10 and 26 cm. Through initial experiments, we
determined that useful background-gas pressures were from
10 to 90 mtorr. The maximum ionizer power was 2 kW. The
maximum sputter power was also 2 kW.

Measurements of the TMF and IMFF were made measured
using a 3 3 3 4 level full factorial experimental design
consisting of three chamber heights, three Ar pressures, three
ionizer powers, and four sputter powers. Table I shows the levels
that were used for each variable.

We develop a mechanistic model for TMF to fit the observed
data using the following reasoning. First, TMF should be pro-
portional to sputter power, since sputter rate is approximately
proportional to sputter power. Second, TMF should decrease
exponentially with both chamber height and Ar pressure, since
the probability that a Cu atom will make a momentum-transfer
collision with an Ar atom increases exponentially with Ar gas
pressure and chamber height . We include cross terms to
allow additional freedom to model other effects, such as rarefac-
tion of the background gas that occurs as a function of both the
sputter power and ionizer power, which would certainly affect

Fig. 2. SEM cross-sectional image of trench covered by a thin copper film.
Cross-hairs show how the bottom coverage is measured.

TABLE I
INPUT VARIABLE VALUES

the TMF. From these arguments, the form of the mechanistic
model is as follows:

(1)

where is the chamber height,is the pressure, is the sputter
power, and is the ionizer power and the coefficientsare the
model’s fitting parameters. Since (1) is nonlinear in the fitting
parameters , nonlinear regression was used to estimate
the fitting parameters.

Fig. 3 shows an example of the measured TMF data along
with a plot of the mechanistic model, (1) as sputter power and
ionizer power are varied, for a fixed chamber height and pres-
sure. The symbolsshow the measured data and the mesh curve
is a plot of the mechanistic model.

We briefly discuss the dependence of TMF on each of the
four input variables. This can be seen by examining Fig. 4 that
presents the results of the nonlinear regression. The dashed lines
are the 90% confidence limits for the model. Fig. 4 shows, as
expected, that an increase in sputter power and ionizer power
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Fig. 3. Nonlinear regression model for TMF shown in comparison to experimental data points.

results in an almost linear increase in TMF. The latter depen-
dence is most likely due to rarefaction of the Ar gas as the ion-
izer heats it. Rossnagel [5] has shown significant rarefaction of
the background gas by heating the gas with the ionizer. Rar-
efaction of the Ar gas by heating is similar to reducing the Ar
pressure, which as we can also see in Fig. 4, increases TMF.
TMF also decreases with chamber height. The data show that
over the experimental range, TMF is more sensitive to changes
in chamber height than to changes in pressure. Concurrent to
measuring TMF, IMFF was measured. Fig. 5 shows IMFF as a
function of the four input variables, displayed in the same format
as for TMF. Similarly to TMF, a mechanistic model was devel-
oped for IMFF. The nonlinear mechanistic model for the data,
with c’s as fitting parameters, is

(2)

The basis for this model is as follows: 1) IMFF should always
be between 0 and 1. 2) IMFF should be zero when ionizer power

or Ar pressure are zero. 3) Since theneutral metal
flux decreases exponentially to 0 with , , and increasing,
IMFF will approach 1 as these input variables increase. A linear
factor in , , , and was added to the exponent to allow
additional freedom for regression and allow for the capturing of
higher order effects.

Fig. 5 shows that IMFF falls monotonically as the sputter
power is increased. In particular, for constant ionizer power,
only a finite number of ionizing collisions can occur per unit
time. By increasing the Cu atom density with increasing sputter

power, the number of ionizing collisions per unit time remains
roughly constant, and therefore the IMFF is reduced. Fig. 5
shows, as expected, when ionizer power, Ar pressure or chamber
pressure are increased, IMFF increases. The IMFF drops dra-
matically as the chamber height is reduced to 10 cm, indicating
that it is very difficult to ionize Cu vapor in systems with a very
short distance between sputter target and substrate. Now that we
know how TMF and IMFF vary as a function of the input vari-
ables, we are prepared to maximize TMF for a given value of
IMFF.

We examine this aspect of the problem by computing surfaces
of constant TMF and IMFF as a function of the input variables
and examine where they may intersect. Fig. 6 shows the inter-
section of the surfaces for an IMFF of 60% and a deposition
rate of 800 Å/min for a chamber height of 18 cm. The values
of ionizer power, sputter power and pressure at the intersection
of the two surfaces can be read directly off the Figure. If the
surfaces do not intersect, the two desired values of IMFF and
TMF cannot be achieved. Thus, this method allows us to set the
desired deposition rate and IMFF and find, for a given chamber
height, the locus of the plasma parameters at the intersection of
the two surfaces that will allow these conditions to occur simul-
taneously. As expected, the maximum ionizer power (2 kW) was
always required to achieve the maximum TMF for given values
of IMFF. In fact, increasing the ionizer power always increases
IMFF without decreasing TMF. This means, for example, if ion-
izer power is increased, the pressure or height can be reduced
and still maintain the same IMFF. However, increasing the ion-
izer power does not reduce TMF (it increases it), but lowering
the pressure or height increased TMF.
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Fig. 4. Nonlinear regression model for TMF as a function of the four input variables. The dashed lines are the 90% confidence limits.

Fig. 5. Nonlinear regression model for IMFF as a function of the four input variables. The dashed lines are the 90% confidence limits.

B. Bottom Coverage

IPVD has been shown to improve metal fill and coverage
properties [6]; but no experimental measurements have been
published which show a direct relationship between IMFF and
metal fill or coverage properties. In this section, we show the
relationship between IMFF and bottom coverage. We develop
a bottom coverage estimate for both trenches and vias and then
compare this with experimental measurements.

Bottom coverage should increase as the IMFF increases due
to the fact that the ion flux is oriented nearly perpendicular

to the substrate. This occurs because the plasma potential ac-
celerates ions toward the substrate with an energy of approx-
imately 10 eV as compared to the ion thermal energy, which
is approximately 0.03 eV. We assume, on the other hand, that
theneutral flux arrives at the substrate plane with an isotropic
velocity distribution. Hence, if an ion arrives at the plane of a
trench or via opening, we assume that its probability of reaching
the bottom of the trench is one. To verify this, we estimate the
mean free path for ion-neutral collisions, which is the dominant
momentum-transfer collision mechanism for ions in the plasma
sheath and compare this to the sheath thickness plus the trench
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Fig. 6. The intersection of TMF= constant and IMFF= constant surfaces, showing the ranges for the input variables that will produce these conditions
concurrently.

or via depth that is the distance ions must travel without being
deflected. The mean free path for collisions between metal ions
and the background gas is

(3)

where is the density of the inert gas and is the collision
cross section for momentum transfer for the ion with the gas.
To estimate a minimum value for the mean free path, we find
that the gas density at the maximum chamber pressure of 90
mtorr and room temperature is cm . Grapperhaus
et al. [6] give the cross section for momentum transfer of Cu
on Ar as 20 . Thus, the mean free path for the ions is 1700

m. Lieberman and Lichtenbergn [7] give the sheath thickness
as a few and give the following formula for in
centimeters:

(4)

where is the electron temperature in eV and the plasma
density in cm . Using a typical electron temperature

eV and plasma density , we find
m or 4 m. A comparison of these numbers with

a typical trench or via depth of 1m (see Table II) indicates that
it is unlikely that ions undergo collisions in the plasma sheath
or trench/via even with a high chamber pressure of 90 mtorr.

In estimating bottom coverage, we assume that the sticking
coefficient for the metal vapor is approximately one for both
the ions and neutrals and that the resputtering rate is zero for
both metal and inert gas ions and neutrals. Then, the fraction
of neutrals that reach the bottom of a trench can be predicted
using a cylindrical-coordinate system centered at the point of

TABLE II
COMPARISON OFDISTANCES TODETERMINE LIKELIHOOD OF IONS BEING

DEFLECTEDBEFOREDEPOSITION

deposition with its cylindrical axis running parallel to the trench
(see Fig. 7).

A point on the upper surface of the substrate would expect
metal flux equally from all angles between and

. The point at the bottom center of the trench, however,
will only receive flux equally for between and .
Therefore, the ratio of the flux on the bottom of the trench
to flux on the main surface is . From the figure we
see that . The aspect ratio is defined as

. Hence, the fraction of neutrals that reach the
bottom of the trench is

(5)

The bottom coverage for trenches expressed in (6) below
is the fraction of the metal flux that is ionized plus the fraction of
the metal that is not ionized times the probability that a neutral
reaches the bottom of the trench. This may be expressed as

(6)

The bottom coverage for vias can be found by using a similar de-
velopment in spherical coordinates. A point on the main surface
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Fig. 7. Cross section of a trench, showing the various quantities used in
developing a bottom coverage estimate.

of the substrate should receive neutral flux from a solid angle of
2 . The point at the bottom center of a via should receive flux
from the solid angle described by the following integral (see
Fig. 8)

(7)

Evaluating the integral and following a procedure similar to the
one we used to find bottom coverage for trenches, we find that
the bottom coverage for vias is

(8)

Equations (6) and (8) show that bottom coverage depends only
on the aspect ratio and not on the absolute dimensions of the
trench. We expect these equations to hold over a wide range of
via and trench sizes. Note that if deposition continues beyond a
very thin film, the aspect ratio of the trench or via will change,
and hence, the bottom coverage will change as the film thickness
changes.

For the experimental measurements, samples were prepared
as presented in Section III with aspect ratios of 1.2 for trenches
and 2.0 for vias. Both features had openings 1.1m wide.

Figs. 9 and 10 show the results of depositions onto substrates
with 1.2 aspect ratio trenches and 2.0 aspect ratio vias, respec-
tively as a function of IMFF. One can see a clear increase in
bottom coverage as the IMFF increases. The data agree well
with our theoretical predictions. A linear fit to the data and 90%
confidence intervals for the expected value of bottom coverage
has also been plotted with the measured data. Linear fits to the
data are:

for (9)

for (10)

Fig. 8. Cross section of a via, showing the various quantities used in
developing a bottom coverage estimate.

In both figures, the linear fits lie below the theoretical model at
a value of . This is likely because the ion flux is
not oriented perfectly perpendicular to the substrate and some
of the ions are lost to the walls of the trench or via. In these ex-
periments, the wafer chuck was not biased; hence the ions are
relying on the natural difference between the plasma potential
and ground to accelerate them perpendicular to the substrate. It
should be possible to bias the wafer chuck to an average poten-
tial well below the plasma potential, thus increasing the perpen-
dicular acceleration of the ions toward the substrate. This would
increase the anisotropy of the ions and make the bottom cov-
erage closer to the predicted bottom coverage for IMFF near 1.0.
For IMFF near 0.0, the bottom coverage, for both trenches and
vias, is greater than that predicted. This is probably due to the
fact that the neutrals are not perfectly isotropic at the entrance
to the trench or via and are more likely to get to the bottom than
previously assumed.

In order to include both of these effects, an improved mech-
anistic model was developed, as shown in the following:

(11)

(12)

Note that (11) and (12) remain linear in IMFF, just as (6),
(8)–(10). is the fraction of the ions that make it to the bottom
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Fig. 9. Bottom coverage of 1.2 aspect ratio trenches as a function of IMFF. Diamonds are experimental measurements. The thin line is the simplified theoretical
model given by (8). The thick line is a linear least squares fit to the data given by the equationBC (AR = 1:2) = 0:51 IMFF + 0:46 which is also used in the
final theoretical model governed by (9).

Fig. 10. Bottom coverage of 2.0 aspect ratio vias. Diamonds are experimental measurements. The dashed line is the simplified theoretical predictiongiven by
(9). The solid line is the linear fit to the data given by equationBC = 0:68 IMFF + 0:10 which is also used in the final theoretical model governed by (10).
The dotted lines are the upper and lower 90% confidence limits for the expected value ofBC .

of the trench or via. can have a value between 0 and 1. The
parameter is the fraction of the neutrals that are anisotropic,
and is between 0 and 1, where 0 is a perfectly isotropic distribu-
tion. We assume that all anisotropic neutrals entering the trench
or via reach the bottom and are not affected by the aspect ratio
as the isotropic neutrals are. Solving (9)–(12) for the values of

and to match the linear fit for 1.2 aspect ratio trenches and
2.0 aspect ratio vias give the values shown in Table III below.

Note that , the fraction of ions that reach the bottom of the
trench or via, is large, near unity, but it is not as large for the 2.0
aspect ratio via compared to the 1.2 aspect ratio trench., the
fraction of neutrals that are anisotropic, is small near 0.

TABLE III
VALUES OF� AND �

IV. SUMMARY AND CONCLUSION

The work presented here shown that the most effective
bottom coverage for copper deposition takes place with the
highest fraction of copper atoms ionized. We are able to
determine the values of the external input control variables to
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allows the simultaneous optimization of both ionized metal
flux fraction and total metal flux deposition rate even though
the factors that influence these quantities do so in opposition.
This permits us to operate IPVD systems at the highest de-
position rate possible while maintaining the most effective
bottom coverage. Without the use of an effective statistical
experimental design, it was not possible to obtain such results
and the mechanistic model developed using this method can be
easily applied to other processing systems.

In particular, in order to investigate liner thickness midway
up the feature sidewall instead of bottom coverage, the same
methods can be used with measurements of liner thickness mea-
sured as a function of the key control variables used in this work.
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