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ABSTRACT

The reactive sputtering processes are used to
deposit metal nitride films (TiN and TaN)
with superior material properties. This study
investigates the fluxes and the associated energies
of the sputtered metal atoms (Ti and Ta), the
reflected energetic Ar atoms, and the ions (Ar"
and N,") to the substrate. A collisionless transport
model based on thermal flux analogy was used to
calculate the atom fluxes to the substrate. The
results from previous studies were used to
calculate the energy levels of the neutral atoms.
The ion densities from a previous study and a
sheath energy model were used for the ion energy
and fluxes. The calculated values indicate that the
energy levels for both atoms and ions are elevated
during the sputtering process, and the ion energy
levels (above 60 eV) are higher than the energy
level of the neutrals by about 20 to 30 eV.
In addition, the total ion flux to the substrate is
about 10 times the neutral flux. Consequently, the
total ion energy flux to the substrate is dominant
(25 to 50 times) over the total neutral energy flux.
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flux, energy flux.

1. INTRODUCTION

Metal nitride films such as TiN and TaN are
extensively used in electronics and metallurgy as
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diffusion barriers and protective coatings [1-3].
These metal nitride films could be formed
using various processing methods. The reactive
sputtering method is often preferred because this
method can produce superior electrical and
mechanical film properties [4-6]. For example, the
hardness and resistivity of the TiN thin film could
be optimized by applying -300 V bias at the
substrate during the deposition process [4].

It has been recognized that the energetic particles
generated during the sputter process are
responsible for the improved thin film properties.
Hence, efforts were directed to investigate these
energetic particles. Due to the difficulties in
measuring the plasma particle energy directly
through experimental methods, modeling methods
were often used. For example, a Monte Carlo
model was used to predict the power inputs by the
energetic particles to the sputter cathode and the
subsequent gas heating effect for Cu ad Al
depositions [7]. Another Monte Carlo model was
used to predict the deposition rate of the sputtered
atoms onto the substrate [8]. A hybrid Monte
Carlo and fluid model was used to study the Al
sputter, and the depositing Al species fluxes to the
substrate were computed [9].

A previous modeling study indicates that the
energetic particles in the plasma could contribute
to a large amount of energy during the metal
nitride film deposition process, thereby improving
the film properties [10]. For the reactive
sputtering of metal nitrides, the sputter target is
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usually pure metal, and a mixture of Ar and N,
gas is used to form the plasma. The Ar ions in the
plasma sputter the metal atoms from the target.
The sputtered metal atoms deposit onto the
substrate, and form metal nitride on the substrate
through surface reactions.

At low pressure conditions, there are more
energetic particles incident onto the substrate
because these energetic particles have few
thermalizing collisions with the background gas
atoms or molecules. There are three types of
energetic particles arriving at the substrate. The
first is the sputtered metal atoms, which are
emitted from the target with a Thompson energy
distribution [7] and consequently have a relatively
high average energy. The second is the reflected
Ar neutrals. After the incident Ar® ions hit the
target surface, these Ar* ions are neutralized and
reemitted from the target as Ar atoms (neutrals).
These reemitted Ar atoms are also called reflected
Ar neutrals, which have much higher energy than
the regular Ar atoms in the plasma. Some of the
reflected Ar neutrals arrive at and transfer energy
to the substrate, thereby contributing to the thin
film formation process. Note that there are also
N," ions incident onto the target. However, these
N," ions are first neutralized at the target surface
and then react with the target metal atoms to form
metal nitrides. The metal nitride has low sputter
yield and the formation of metal nitride at the
target surface is referred to as target poisoning.
Therefore, the reflected energetic neutrals do not
include N, molecules. The third is the incident
positive ions (to the substrate), which are
accelerated by the potential drop next to the
substrate region (the electric sheath) and then
transfer the energy to the metal nitride film. These
positive ions include both Ar* and N,".

To gain more understanding into the role of
energy level in the film formation process, it is
essential to quantify the incident particle fluxes
(of the three types of energetic particles
mentioned above) and the associated energy
fluxes onto the substrate. In this study, these
energetic particle fluxes and the associated energy
fluxes to the substrate will be calculated at low
pressure reactive sputtering conditions for TiN
and TaN deposition processes.

2. METHODS

2.1. Sputtered metal atoms

The ion flux to target Fion.14r iS related to the target
current Il by

Fion-tar = Jion-Tar/ 0 = lion-tar/ (Q Atar) (1)

where jion-tar i the ion current density flowing to
the target, q is the unit charge, ljon.1ar IS the ion
current to the target, and Ar, is the target area.
This ion current includes contributions from both
Ar" and N, ions. The unit for flux is number of
particles per unit area per unit time, often
simplified as 1/(cm™s™).

The sputtered metal flux F, produced by the
bombarding ion flux is

Fm = Cm Ym Fion-tar 2

where Y, is the sputter yield for the target metal
atoms, and c,, is a coefficient that is less than 1
and accounts for the reduction of metal sputter
due to target poisoning by the nitrogen gas. This
reduction is proportional to the reduction of
deposition rate on the substrate, and c, is given by

Cm = t/to (3)

where t is the film thickness of the deposited
metal or metal nitride film on the substrate, and t,
is the thickness of the deposited metal film for
100% Ar gas. The values of t and t, are obtained
from experimental measurements.

Using the analogy between the heat flux and the
depositing metal flux onto a surface, the metal
flux emitted from the target and then depositing
onto the substrate could be computed [11]. It
could be shown that

I:m,Tar—Sub =1 Fon VFrarsun (4)

where Fparsup 1S the depositing metal flux from
the target to the substrate, and VFrar.syp IS the view
factor (also called the configuration factor) from
the target to the substrate. VFra.sup 1S given by
[12]

VFrarsub = (Asun ! Arar) 11 (0% +1%) (5)

where r is the target radius, and h is the distance
from the target to the substrate (as shown in
Figure 1), and Agy, is the substrate area.
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Figure 1. Geometric configurations for the target and
the substrate.

The energy flux from the target to the substrate
due to the sputtered metal atoms (EF, tar-sup) 1S

EFm,Tar—Sub = I:m,Tar—Sub Em (6)

where E,, is the energy contribution of each metal
atom (or particle) to the film formation. The value
of E,, is given by

Em = Em,ave + US (7)

where Ep e IS the average kinetic energy of the
depositing metal atoms to the substrate, and Us is
the surface binding energy (also referred to as heat
of condensation) of the metal atoms. The surface
binding energies for Ti and Ta atoms are 4.86 and
8.1 eV, respectively.

2.2. Reflected energetic neutral Ar atoms

The transport of the reflected Ar atoms from the
target to the substrate is similar to that of the
sputtered metal atoms. It follows that

FarTar-sub = T Far VFrarsup (8)

where Fartar-sup 1S the reflected Ar atom flux from
the target to the substrate, and Fp, is the reflected
Ar atom flux from the target surface. Fa, is given

by
Far = Xar+ Jion-Tar/ @ 9)

Here Xa,. is the fraction of the incident Ar* ion to
the target with respect to the total ion. According
to a previous experimental study, the fraction of
the Ar* ion is the same as the fraction of Ar flow
rate in the total gas flow (Ar and N,) [13].

For example, for 10 sccm Ar and 5 sccm N, the
fraction of Ar flow rate is 0.67.

The energy flux to the substrate due the reflected
Ar atoms (EFar Tar-sub) 1S

EFAr Tar-sub = FarTar-sub Ear (10)

where E,; is the energy contribution of each
neutral Ar atom to the film formation. The value
of Ex, is given by

EAr = EAr,ave (11)

where Earave IS the average kinetic energy of the
reflected Ar atoms to the substrate. The value of
Earave IS Obtained through the energy-dependent
thermal accommodation coefficient [9]. In this
study, it is assumed that 80% of the Ar" ions are
reflected energetically and the rest of the 20% is
reflected thermally. Since N, ions react with the
target metal atoms, these N," ions are not included
in the reflected energetic neutrals.

2.3. Positive ions to the substrate

The positive ion flux to the substrate (Fon.sun) IS
given by [14].

I:Ion-Sub = jlon-Sub / g = Nion (kae / Mion )1/2 (12)

where jion-sub 1S the current density to the substrate,
Nion IS the total ion density that include both Ar*
and N, ions, ky is the Boltzmann constant, T, is
the electron temperature, and mq, is the effective
ion mass.

The energy flux to the substrate due to the
positive ions (EFon-su) iS

EFion-sub = Fion-sub Eion (13)

where E,, is the energy contribution of each
positive ion to the film formation. The value of
Eion IS given by

Eion = Eshean + Eiz (14)

where Egspeatnh iS the energy gained by the ions
through the electric sheath region next to the
substrate, and Ej, is the ionization energy of the
incident ions to the substrate. The ionization
energies of the Ar" and N, ions are 15.8 and
15.6 eV, respectively (almost identical). The value
Of Espearn iS given by [15]:

ESheath = 0-5Te + Te Ir](mlon / me) (15)



22

Junging Lu

where m, is the electron mass. The first term is the
ion energy in the pre-sheath region next to the
substrate, and the second term is the ion energy
across the substrate sheath.

3. RESULTS AND DISCUSSION

The input values for the flux calculation are based
on the experimental conditions from previous
works on TiN and TaN depositions [16, 17]. The
metal targets have a radius of 10 cm, and the
substrate is 12 cm directly below the target (r =
10 cm and h = 12 cm in Figure 1). The substrate
material is Si(100). In the flux calculations, the
substrate area is set at 1 cm® Some experimental
parameters and the calculated coefficients based
on experimental results are listed in Table 1. For
example, at 100% Ar the film thickness is 487 nm
and at 3 sccm N, the film thickness is 293 nm
[16]. Then the cyj at 3 sccm Ny is 0.60 (=293/487).
It turns out that at low pressure conditions (about
2 mTorr), the mean free path values of the
sputtered Ti and Ta atoms are slightly larger than
12 cm [18]. Consequently, the transport process of
the sputtered metal atoms from the target to the
substrate can be approximated as collisionless.
Hence, the average energy of the metal atoms
arriving at the substrate is the same as that of the
metal atoms just emitted from the target surface.
For all cases, the target voltage and current values
are -460 V and 0.8 A, respectively. At the target
bias of -460 V, the sputter yields for Ar* are 0.45
and 0.40 for Ti and Ta atoms, respectively [19].
The average energies for sputtered Ti and
Ta atoms due to Ar® ions are 20.5 and 23.7 eV,
respectively [18]. Similarly, the reflected Ar
neutrals also reach substrate through a collisionless
transport process.

3.1. Particle energy levels

The energy levels for different particles incident
onto the substrate are shown in Figure 2. The
energy of the reflected Ar neutrals is 18.5 eV for
all flow rates. The energies of the sputtered Ti and
Ta atoms for all nitrogen flow rates are 25.4 and
31.8 eV, respectively. The energies of the Ta
atoms are about 25% higher than those of the
Ti atoms. The energy of the reflected Ar atoms
consists of only the average energy of the
reflected Ar atoms at the target surface. The
energy of the sputtered metal atoms consists of
the average energy of the metal atoms emitted at
the target surface and the surface binding energy
upon depositing onto the substrate. Both energy
components are several eV higher for Ta atoms.

In Figure 2, the energy level of the Ar* ions are
the highest, and ranges from 64.5 eV (100% Ar)
to 66.1 eV (7 sccm N,). This difference is small,
only about 2.5%. The ion energy consists of the
energy gained from the electric sheath and the
ionization energy of the ions. As the nitrogen flow
rate changes, the sheath energy also changes and
this results in the changes in ion energies (for both
Ar*and N,"). As the nitrogen content changes, the
effective ion mass my,, in equation (14) also
changes because the N," mass is only 70% that of
the Ar" mass. Hence, the energy gained by the
ions from the electric sheath ranges from 48.7 eV
(100% Ar) to 50.3 eV (7 sccm N,). The variation
in sheath energy consists of the effective ion mass
variation and the electron temperature variation.
The electron temperature varies from 4.16 to
4.35eV [20].

The energy level of the N," ions (not plotted) is
only 0.2 eV lower than that of the Ar" ions.

Table 1. The values for c,, at various deposition conditions.

Case 1 2 3 4 5
N, (sccm) 0 3 5 7 9
Ar (sccm) 10 10 10 10 10

cri [16] 1.0 0.60 0.31 0.27 0.25
Cra [17] 1.0 0.89 0.86 0.83 0.82
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According to Equation (15), the sheath energy
component value is identical for both Ar* and N,",
and the ionization energy of N," is only 0.2 eV
lower than that of Ar®. Hence, the N," energy
level is not plotted here for non-zero nitrogen
content. All the particle energy levels in Figure 2
are much higher than the thermal energy of the
background gas atoms and molecules. For example,
the thermal energy of the background Ar atoms at
300 °C is only about 0.06 eV.

3.2. Particle fluxes to the substrate

The fluxes of the sputtered Ti and Ta atoms, and
the reflected Ar neutrals to the substrate are
shown in Figure 3. Both the metal atom (Ti and
Ta) and the Ar atom fluxes are largest at 100%
Ar, and then monotonically decrease as nitrogen
content increases. These decreases in the flux
values are 47%, 18%, and 75% for Ar, Ta and Ti,
respectively. This decrease is proportional to the
fraction of the Ar flow rate for Ar atoms, and to
the coefficient c,, (listed in Table 1) for Ti and Ta
atoms. It is noted here that the small decrease for
Ta indicates a relatively low target poisoning for
Ta sputtering (as compared to Ti). For all three
atoms, the magnitude of the flux is of the order of
102 em?%s™.

The corresponding energy fluxes for the three
atoms are shown in Figure 4. Since the energy
flux is equal to the product of particle energy and
the atom flux, the trends of the curves for the
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Figure 2. Energy levels for sputtered metal atoms,
reflected Ar neutrals, and Ar* ions to the substrate.

three atoms in Figure 4 match those in Figure 3.
The energy fluxes for all three atoms are highest
at 100% Ar. As the nitrogen content increases, the
target poisoning effect also increases, and the
energy fluxes for all three atoms decrease. The
energy fluxes for the three atoms range from 10™
to 10" eVem?s™,

3.3. lon fluxes to the substrate

The fluxes for Ar" and N," ions to the substrate
are shown in Figure 5. According to Equation
(12), the ion flux is proportional to ion density,
and the square root of electron temperature and
the inverse of ion mass. The ion density is the
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Figure 3. Fluxes for sputtered Ti and Ta atoms, and
reflected Ar neutrals to the substrate.
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Figure 4. Energy fluxes for sputtered Ti and Ta atoms,
and reflected Ar neutrals to the substrate.
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Figure 5. Fluxes for Ar" and N," ions to the substrate.

primary influence on the ion flux density, while
the ion mass is secondary. As previously
mentioned, the electron temperature variation is
small. As the percentage of Ar decreases and that
of N, increases, the Ar* flux decreases and the N,"
flux increases, as expected. Note that at 10 sccm
Ar and 9 sccm N, the N,* flux is slightly higher
than the Ar”* flux due to the difference in ion mass
between the Ar" and the N," ions. The total ion
flux increases from 7.9 t0 9.7 x 10" cms™ as the
N, flow increases. The total ion flux is about ten
times that of the total atoms fluxes (Ar plus Ti
or Ar plus Ta). This is due to the acceleration of
the ions by the electric sheath adjacent to the
substrate.

The energy fluxes for Ar" and N," ions to the
substrate are shown in Figure 6. The trends for the
ion energy fluxes are the same as those for the ion
fluxes in Figure 5. The total ion energy flux
ranges from 5.1 to 6.4 x 10'® eVem™?s™. The total
ion energy flux is about 25 to 50 times that of the
total atom energy fluxes (Ar plus Ti or Ar plus
Ta). This is due to the larger magnitude for both
the ion flux and the ion energy compared to the
neutral atom flux and energy. This dominance of
the ion energy flux indicates that the ions in
plasma could supply a large amount of energy
during the thin film formation process even for a
moderate ion density of about 2.7 x 10° cm™, This
large ion energy flux is much higher than the
energy flux associated with the energetic neutrals
(sputtered Ti, Ta atoms and the reflected Ar
atoms) unique to the sputter process. The combined

Figure 6. Energy fluxes for Ar* and N, ions to the
substrate.

energy contributions from the ions and the
energetic neutrals are beneficial to the quality of
the deposited thin films.

4. CONCLUSIONS

This study computed the energy associated with
the sputter metal atoms (Ti and Ta), the Ar neutral
atoms that are reflected from the target, and the
incident Ar" and N," ions to the substrate under
low pressure conditions (about 2 mTorr) during
reactive sputtering. Moreover, the corresponding
particle and energy fluxes to the substrate are also
calculated. The calculated values indicate that the
energy levels for both atoms and ions are elevated
during the sputtering process, and the ion energy
levels (above 60 eV) are higher than the energy
level of the neutrals (about 20 to 30 eV).
In addition, the total ion flux to the substrate is
about 10 times that of the neutral flux.
Consequently, the total ion energy flux to the
substrate is dominant (25 to 50 times) over the
total neutral energy flux.
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