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Abstract

Plasma enhanced metal organic chemical vapor deposition (PEMOVCD) of titanium nitride with dual frequency plasma 
sources were studied by means of plasma and material characterization. Adding a low frequency to a radio frequency plasma 
in order to enhance the deposition reaction mechanism is demonstrated. An in depth investigation of plasma by optical 
emission spectroscopy shows that due to secondary electrons heating the plasma, it enters a gamma-mode and that LF 
permits better dissociation of the H2 reactant gas. Moreover, it appears that the TiN metal organic precursor is not completely 
dissociated (no Ti∗ emission) but new species are observed that indicate a different fragmentation of the precursor. When LF 
plasma is used these modifications can be correlated to a change in the deposition reaction mechanism which affects the 
properties of the deposited material. Strong modifications of the TiN properties and deposition rate are observed when 
adding 17–60 W LF to a 200 W RF plasma. For example, with 35 W LF added to a 200 W RF, the deposition rate is 
increased by a factor two and the film appears to be less resistive (by 50%) and has a higher density. Such effects are not 
observed when only increasing the RF power (from 200 to 300 W with no LF power).

Keywords: dual-frequency plasma, MOCVD, metal, XPS, OES

1. Introduction

In a plasma enhanced metal–organic chemical vapour
deposition (PEMOCVD), dissociation of the precursor affects
the chemical, physical and electrical properties of the deposited
film as well as the growth rate and conformity of the process.
In a capacitively coupled plasma (CCP) reactor with a fixed
radio frequency (RF), the electron density is known to increase
with the plasma power and the electron temperature is known
to vary with the pressure. Thus, if one wants to modify the

4 Author to whom any correspondence should be addressed.

dissociation rate of a given precursor, pressure and power have
to be carefully tuned. Another parameter often not taken into
account, but that should be considered, is the plasma frequency.
Flamm, in 1986, studied the plasma frequency effect in low-
pressure plasma etching [1]. He showed that frequency alters
many plasma parameters such as the spatial distribution of
species, their energies and concentrations as a function of
time, and energies of ions impinging the substrate. In their
simulation paper, Surendra and Graves predicted that higher
RF frequencies would produce higher plasma densities for the
same voltage [2]. Also, faster plasma etching can be obtained
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by increasing the traditional 13.56 MHz RF frequency. Goto
et al proposed a mix of low frequency (LF) and high frequency
(HF) to have both a high electronic density and highly energetic
ions [3]. Following this work, dual-frequency (DF) reactors
have been developed as fine etching tools for microelectronic
manufacturing. In that case, the CCP is driven by a HF and
a LF source attached to either one or two electrodes. One
frequency is chosen to be much higher than the other in order
to achieve an independent control of ion bombardment and
electron density (i.e. ion flux). More details can be found in
the review of Bi et al concerning DF capacitive discharges [4].

Many groups have created models and simulated the effect
of LF addition on plasma density. Depending on the model
assumptions and on the pressure, it was reported that the
plasma density may be reduced due to sheath width variation,
and that it may also be increased due to highly energetic
secondary electrons [5–14]. Booth et al showed that if plasma
negative ion density is included in the simulation then it can
strongly modify the effect of adding LF to HF. They found that a
mixture of 27 and 2 MHz RF powers have significant effects on
plasma density in an Ar/O2 mixture, whereas the 2 MHz power
weakly increases the electron density when the 27 MHz power
is low in an Ar/C4F8/O2 plasma [12]. Donkó et al also showed
how the γ coefficient of the secondary electrons may be used
to interpret published papers with contradictory results [13],
and they concluded that there is only a small pressure process
window for which the effect of secondary electrons on the
ionization compensates the frequency coupling effect.

Compared to etching tools, only few papers report the
effect of LF addition to an HF source for high-pressure
plasma used in deposition processes. The effect of frequency
has mainly been studied for the deposition of silicon-based
materials such as SiO2, SiOxNy , Si3N4 and SiC, with the idea
of controlling the stress by modifying the ion bombardment
of chemical bonds in the film [14–16]. Most of the reported
experiments are not really DF processes since they are using
a very high frequency source for the plasma generation with
additional RF bias at the substrate holder [17]. As an example,
in case of silicon oxynitride deposition, it was reported that
thin films deposited with an RF/microwave DF source have
a higher surface potential and improved charge retention in
comparison to films obtained in an RF mode [18]. Bieder et al

also studied the MW/RF dual excitation for SiO2 deposition
[19] while Yang et al used this dual mode for diamond-like
deposition [20]. In their case, this mode was mainly used to
control the energies of hydrogen ions and the induced stress in
the film, not to improve the dissociation rate of the precursor.
Recently, Jin et al have studied the effect of DF plasma on
SiOx deposition by adding an ultra-high frequency (320 MHz)
source to a 13.56 MHz source [21].

The impact of RF frequency on precursor deposition
and PECVD process optimization was discussed in depth
by Moisan et al, who compared the MW PECVD to the
RFPECVD and the parameters determining the optimum
frequency of operation [22]. Bieder et al have also compared
two RF frequencies for SiO2 deposition [19]. In both case
no LF was used and the RF frequency (ω) was always higher
than the ion plasma frequency (ωpi) of the precursor and/or

ions from the precursor decomposition. Since the excitation
frequency has profound effects on the spatial distribution
of species and their concentrations, the dissociation of the
precursor can strongly be increased by crossing the discharge
excitation frequency to the basic ion plasma frequency, ωpi,
as suggested by Flamm [1]. Manolache et al investigated
the chlorine contents of 40 kHz and 13.56 MHz silicon
tetrachloride and dichlorosilane plasmas in the 100–500 mTorr
range by optical emission spectroscopy (OES) [23]. They
found the concentration of free chlorine in the dichlorosilane
plasma to be much higher at the low RF range and drew
conclusions about potential routes that can be developed for
frequency-controlled molecular fragmentation. This route
is considered here, with comparison and discussion of the
improvements brought by DF LF/RF plasma in TiN deposition
thanks to the modification of the precursor’s decomposition
reaction. For this study, we used the 300 mm industrial
PECVD tool from Altatech Semiconductor. This is a
capacitive plasma chamber with a DF source: 13.56 MHz and
350 kHz. The LF was chosen in order to be lower than the ion
plasma frequency of the precursor. The impact of LF addition
on plasma density and precursor dissociation are discussed
thanks to OES monitoring of the plasma during the process.

2. Experiments

Sample depositions were made with the AltaCVD Advanced
Materials™, 300 mm pulsed PEMOCVD chamber presented
figure 1, from Altatech Semiconductor. This deposition
module consists of two main parts: an evaporating furnace
and a deposition chamber. The evaporating furnace is used
to change the phase of the precursor from liquid to gas, by
decompression and heating, before the introduction of the
precursor to the deposition chamber. The liquid precursor
is carried by a He gas vector to the evaporating furnace.
The mixture then enters the deposition chamber through the
shower head. Reactant gases are brought into the deposition
chamber through a second level in the shower head, so that it
mixes with the precursor only when above the substrate. The
pressure in the chamber is kept constant at 2 Torr, resulting in
a narrow sheath, far from the substrate. Two independently
controlled generators are used with frequencies of 13.56 MHz
and 350 kHz, for RF and LF plasma, respectively. Both
generators deliver the power at the shower head, the substrate
heater being grounded. For discussion of the experimental
results, the plasma power given here corresponds to the input
plasma power minus the reflected power.

PEMOCVD allows the deposition of carbo-nitride alloys
of metals [24], with a variation of the composition depending
on the plasma power. In the PEMOCVD process, first the
chamber is filled with Ar and He inert carrier and H2 reactant
gases, before plasma activation. Then precursors in a vapour
phase are introduced to the chamber and have to go through
the plasma to reach the substrate. Plasma energy allows an
activation of the first reactions leading to the decomposition of
the molecules; second reactions are taking place at the substrate
surface, i.e. at 350 ◦C. The precursor used in this study is a
titanium metal–organic precursor, thus the titanium atom in the
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Figure 1. Schematic representation of the 300 mm AltaCVD 300 chamber.

precursor molecule is only bonded with nitrogen atoms; there
are no direct bonds with the ethane groups. All depositions
were made on 300 mm silicon (1,0,0) prime wafers.

Plasma emission was monitored by OES, with a signal
acquisition from 200 to 800 nm at a frequency of one spectrum
per second, and gives an insight into the plasma chemistry.

The thickness, density and roughness of deposited films
were obtained by careful fitting between theoretical model
curves and x-ray reflection (XRR) experimental spectra;
resistivity was measured with a four point probe; chemical
composition and chemical bonding were analysed by x-ray
photoelectron spectroscopy (XPS).

XPS acquisition was done with a quasi-in situ tool, which
limits TiN oxidation and carbon contamination introduced at
the vacuum break [25], thus no oxygen or carbon removal was
performed before analysis. Carbon C1s, situated at 285 eV,
was used to remove any possible binding energy shift from
the charging sample. Bonding environments of Ti, C, N and
O were analysed using the Ti2p, C1s, N1s and O1s core-level
energy regions, respectively. XPS deconvolution was done
using the following constraints for Ti2p: Ti2p5/2 and Ti2p3/2

are separated by a shift in bonding energy of � E = 5.54 eV
and an area ratio of 0.5.

3. Plasma modification

In order to discuss the plasma modification induced by LF
power and added to the RF power, three plasmas were analysed:
pure argon plasma, Ar + H2 plasma and Ar + H2 + precursor
plasma. Hydrogen in the plasma deposition was used for the
removal and control of the carbon content in the TiN films. All
the plasmas’ emission intensities were recorded by OES as a

function of RF power (from 0 to 500 W) and as a function of
LF power (from 0 to 100 W) added to 200 W RF power.

3.1. Impact of LF addition on pure Ar plasma

As introduced before, LF addition to RF can enhance
the precursor decomposition in the plasma thanks to
the modification of the electronic density or electronic
temperature. The LF field can also penetrate into the plasma
volume resulting in an increased heating of heavy ions (from
precursor dissociation). We therefore first monitored the
influence of LF addition on pure Ar plasma in order to discuss
the role of LF addition on electron density or temperature
modification. The 200–800 nm optical emission spectra were
recorded as a function of RF and RF + LF powers. The
evolutions of two emitted peaks are mainly discussed here:
the Ar∗ emission line at 419.8 nm, which corresponds to the
transition from Ar(3p5) to Ar(1s4), and the Ar+∗ emission line
at 434.8 nm. The Ar∗ line has already been found to be a good
probe to determine the plasma density in CCP sources as a
function of driving frequency [26].

For pure Argon plasma, we can write that the optical
emission of Ar originates from the direct electron impact
excitation of the Ar atom, and the emission process of Ar∗

[3p55p(3p5) → 3P54s(1s4)] by the electron impact is [27]

e + Ar
[

3p6 (1S0
)] E>14.57eV

−→ Ar
[

3p55p
(3p5

)]

+ e

↓

Ar
[

3p54s
(1s4

)]

+ hν (419.8 nm) .

Therefore the light emission intensity is proportional to
the density of Ar species in the electronically excited
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Figure 2. OES of the AltaCVD Ar plasma in the 410–440 nm
spectral range.

state: IAr∗(419 nm) = k[Ar∗] and the density of excited states
[Ar∗] is proportional to the density of Ar ground state species
times the efficiency of the plasma ηF: [Ar∗] = ηF[Ar].
Finally, we have: IAr∗(419 nm) = kηF[Ar]. The efficiency
of the plasma to excite species depends on the electron
density and energy distribution (temperature, Te). In our
experimental conditions, for pure Ar plasma as a function
of plasma RF power, if electron temperature variation is
neglected, then the Ar∗ intensity can be directly correlated to
the electron density. When LF is added to RF, the electron
temperature can be modified due to different mechanisms
for sustaining the discharge (secondary electrons versus an
electron reflected by an oscillating sheath, see the discussion
hereafter). Unfortunately, at the moment it is not possible
to measure the effect of LF addition on Te, so that the Ar∗

intensity variations will be correlated here to electronic density
variations.

The impact of RF and LF power on Ar spectra is illustrated
in figure 2, from 410 to 440 nm. In this figure, one can
compare the evolution of the intensity of the OES bands when
going from 200 W RF to 300 W RF and from 200 W RF to
200 WRF +35 WLF. In both cases, an increase in the intensity
was observed when increasing the power injected into the
plasma. But it appears that higher intensities were obtained
with LF added to RF. A simple explanation is that higher
plasma densities are obtained with LF addition instead of RF
addition to the 200 W RF power. In this case, we made the
assumption that electron temperature is not modified when
adding LF. This should be verified in the future.

Figure 3(a) shows the evolution of the Ar∗ (419.8 nm)
emission line as a function of RF power and RF (200 W) + LF
power. Figure 3(b) shows the evolution of Ar+∗ (434.8 nm).
In figure 3(a), with RF power only, the relation between
plasma power and plasma intensity is of a square root type.
Before 30 W, there is not enough energy to switch on the
plasma; above 50 W one can see a quite linear relation. Such a
relation between plasma power and intensity is characteristic
of CCP reactors. Godyak and Piejak have shown that a CCP

discharge is dominated by Ohmic heating at high pressure
(versus stochastic at low pressure) [28]. In this case, the plasma
density, n0, can be correlated to the RF frequency, ω, and the
applied RF voltage, V0, by the following equation (see [29] for
more details on RF plasma):

n0 ∝ ω2V
1
2

0 (1)

The same evolution is observed for the Ar+∗ emission line
as a function of RF power in figure 3(b).When LF power was
added to 200 W RF power, strong modifications were observed.
As an example, the ratio I (419.8 nm–300 W RF)/I (419.8 nm–
200 W RF) is equal to 1.37, while the ratio I (419.8 nm–200 W
RF + 100 W LF)/I (419.8 nm–200 W RF) is equal to 2.17. The
same evolution is obtained with the Ar+∗ emission, going from
a value of 1.48 to 2.27.

As said in the introduction, some authors have reported
that the addition of LF to RF power may increase the plasma
density due to highly energetic secondary electrons. Thus the
discharge is not dominated by Ohmic heating. The transition
in the CCPRF source toward a regime dominated by secondary
electrons (also called the ‘γ -regime’) has been studied in the
past [30–34]. As an example, Belenguer and Boeuf studied
the case of helium (3 Torr) plasma, and they clearly showed
that two different regimes may exist [35]. The transition from
one regime to the other depends on the energy obtained by the
electrons in the sheath and their ability to ionize. It means
that a large sheath (thus high power) and high pressure help
to shift the plasma in the direction of the γ -regime. Godyak
et al were able in their plasma to have a γ -regime transition
when increasing the voltage to values higher than 400 V in
a pure helium plasma at 3 Torr [36]. Belenguer and Boeuf
were able to fit the experimental curves when the effects of
secondary electrons were taken into consideration, with an
emission coefficient, γ , of 0.08 [35].

In our experiments, the high-pressure regime may have
helped to obtain the γ -regime. Moreover, LF addition may
have increased the sheath width, which is also in favour of the
γ -regime. In order to confirm that Ar∗ intensity enhancement
can be linked to the transition to a γ -regime when LF is added,
OES measurements were performed at higher RF power. As
seen in figure 4, for RF power higher than 400 W, a modifi-
cation of the Ar∗ intensity variation was observed, with again
a fast increase of the Ar∗ intensity. This can be interpreted
as a transition to a γ -regime in single RF plasma when the
power is higher than 400 W. A power of 400 W seems to be the
threshold above which the discharge is sustained by secondary
electrons. At these higher RF powers, the Ar∗ intensity now
follows the same law as the one obtained with LF addition.
Therefore, in our experimental conditions, the plasma den-
sity increases by LF addition thanks to secondary electrons.
This behaviour is contrary to what was obtained by numerical
models at low pressure (see [7] for example). However, this
result is in good agreement with recent papers from Ahn and
Chang [37], Xiang-Mei et al [38] and Schulze et al [31].

3.2. Impact of LF addition on Ar + H2 plasma

Contrary to pure Ar plasma, when adding LF to RF in an
Ar + H2 plasma, the intensity of the Ar∗ emission lines
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Figure 3. Evolution of the Ar∗ (a) and Ar+∗ (b) emission lines as a function of RF power and 200 W RF + LF power.

Figure 4. Evidence of a γ -mode transition for a pure Ar plasma at
400 W with single RF power and at 200 W with dual RF and LF
power.

decreased with LF addition (easily observed for the 750 nm Ar∗

emission line; see figure 5(d) for example). This may indicate
a decrease of electron density or electron temperature with
LF addition, which is contradictory with what was observed
in pure Ar plasma; this point will be discussed later (see
equations (2)–(5)). The H2 continuum from the primary
system in the 300–500 nm range (see figure 6) also decreased
with LF power. New emission peaks were also observed
with LF power addition—some are highlighted by an arrow
in figures 5(a) and (b). In the 400–500 nm range, the new
peaks observed can be attributed to the H2 secondary system
(G1 ∑+

g −B1 ∑+
u) [39]. The Hα emission peak from Balmer

lines at 656.3 nm also increased with LF power indicating an

increase of H atomic species in the plasma. This increase can
be correlated to the intensity decrease of the Ar∗ emission line
and may finally be the consequence of the high level of excited
argon activating the dissociation of H2 in our experimental
conditions. We can therefore explain the opposite behaviour
of Ar∗ at 750 nm and H∗ by the H2 dissociation from collisions
with Ar∗ following the reaction proposed by [40]:

Ar(2P1) + H2 → Ar(1S0) + 2H. (2)

And in a more general way, we can write for Ar∗ excited species
and Arm metastable species the reaction rate that may occur in
the Ar/H2 plasma [41–43]:

Ar∗ + H2 → Ar + 2H (3)

Arm + H2 → Ar + 2H. (4)

This increase of H density in the plasma may be of importance
for the PECVD process since H atoms might break different
bonds in the precursor molecule than in pure RF plasma
conditions.

3.3. Modification of optical emission spectra for Ar + H2 + Ti

precursor

Figure 7 shows the modification in the OES when adding a
Ti precursor in the gas phase. Figure 7(a) is a comparison
between 200 W RF plasmas with and without a precursor. The
OES spectrum in the 300–500 nm range shows that a new
emission peak could now be observed at 386 nm (indicated
by an arrow in figure 7(a)). This peak corresponds to the CN∗

emission band from the violet band system [39].This is not
surprising since CN bonds are present in the Ti precursor. No
Ti∗ emission line is observed at 363.5 nm, indicating that the
precursor is probably not completely dissociated in the plasma
phase, this result being in contradiction with what was reported
by Rie et al [44]. The intensity of H∗ atomic species was
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Figure 5. The impact of LF addition in Ar + H2OES in four spectral ranges: (a) 400–450 nm; (b) 450–500 nm; (c) 650–700 nm; and (d)
720–780 nm. Arrows in the figures indicate new emission peaks.

Figure 6. The impact of LF addition in Ar + H2OES in the
300–500 nm range.

observed to decrease when adding Ti in the gas phase. This
can be seen in figure 7(a) with the decrease of Hβ emission line
from the Balmer lines at 486.1 nm and the Hα line at 656.3 nm
(figure 8(d)). It is not surprising since we expect that the H
atoms react with carbon-based radicals from the precursor in
order to limit the C, H and reaction by-product content in the
growing film.

The same spectral range for a 200 W RF + 60 W LF
plasma, with and without a Ti precursor added to the Ar + H2

plasma, is presented in figure 7(b). A new CN∗ emission
band clearly appears at 386 nm. Another new weak emission
peak is observed at 336 nm and can be attributed to a
weak emission from the NH∗ band [39], indicating that the
precursor dissociation is modified when adding LF to RF. The
comparison in all the spectral ranges shows new weak peaks
at 402 nm, 446 nm (see the arrows in figure 8(a)), 491 nm and
586 nm. These peaks are due to He∗ emission, such as He
(3d3D→2p3P0) at 587.6 nm. Helium was used in the process
as a gas carrier for the liquid injection of the Ti precursor. As
of today, no explanation for the presence of emitted He∗ in
the DF mode and not the RF mode has been found. However,
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Figure 7. (a) A comparison for a 200 W RF plasma with and without a Ti precursor. (b) The impact of the Ti precursor for a 200 W
RF + 60 W LF plasma.

Figure 8. Effect of Ti precursor addition in the OES of the 200 W RF + 60 W LF plasma: (a) the 400–450 nm range; (b) the 450–500 nm
range; (c) the 550–600 nm range; (d) the 650–700 nm range.
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Figure 9. Evolution of the OES of Ar + H2+Ti precursor plasma
with LF power.

Table 1. Evolution of thickness, density and resistivity with increase
of RF plasma power.

RF Deposition Density Roughness Resistivity
power (W) rate (Å s−1) (g cm−3) (Å) (m� cm)

200 1.03 3.38 26.2 110
250 1.25 3.34 27.1 93
300 1.60 3.35 27.4 64

as for pure argon plasma, it shows that the plasma is strongly
modified by LF addition.

Figure 9 shows the evolution of OES spectra in the
300–400 nm range as a function of LF power added to RF
power. Some of the new peaks are correlated to new emission
from the H2 plasma as previously observed, and the only two
new peaks which came into view with the introduction of the
precursor are NH∗ at 336 nm and CN∗ at 386 nm.

In summary, we showed that LF addition to RF power
increases the Ar plasma density. This can be interpreted by a
transition to the γ -mode due to secondary electrons’ heating.
In the Ar/H2 plasma, the LF addition helped to increase the
H density in the plasma by a H2 dissociative collision with
excited Ar or metastable Ar. Finally, the TiN precursor was not
completely dissociated in our discharge and in the dual mode,
but new excited species were observed, indicating a different
fragmentation of the precursor. We will now examine the effect
of the LF addition on the TiN film properties.

4. Thin TiN film analysis

As for the OES analysis, we first discuss the properties of thin
TiN films deposited in the pure RF mode. Then, properties
of TiN films obtained in the dual mode will be analysed and
compared to the RF ones.

4.1. Impact of RF power on film properties

Table 1 gives the deposition rate, density, roughness and
resistivity of TiN layers obtained for RF plasma power between
200 and 300 W.

As usually observed in PECVD, increasing the RF power
improves the dissociation of the precursor and increases the
deposition rate [44]. The growth rate increased by a factor of
1.55 from 200 to 300 W, quite similar to the plasma density
evolution (Ar∗ line, section 3.1) of 1.37. In parallel to the
growth rate evolution, the resistivity decreased when the RF
power increased: its value was reduced from 110 to 64 m� cm.
Roughness of the thin TiN films is only slightly modified
by RF power, with little variation (from 26.2 to 27.4 Å).
Finally, increasing the plasma power does not affect density,
which is low compared to the theoretical density of TiN:
5.40 g cm−3 [45]. A high level of oxidation has to be taken
into account for density calculations, as it reduces the density
(TiO2: 4.23 g cm−3 [45]) and can partly explain the low density
measured. Moreover, theoretical densities are calculated for
a perfectly crystalline material, whereas the obtained TiN is
amorphous (confirmed by x-ray diffraction, not shown here)
with a lower density.

Hence, a possible hypothesis to explain the improvements
observed is that the increase in plasma power may improve the
by-products’ removal during deposition leading to the easier
nucleation of the layer and to a reduction of resistivity. Indeed,
the presence of carbon from reaction by-products in the layer
decreases the conductivity of the layer.

The XPS analysis of TiNRF 200, 250 and 300 W layers is
discussed in section 4.3.

4.2. Impact of LF power addition to RF plasma on thin film

properties

To evaluate the impact of LF addition to RF plasma on TiN
material deposition and to be able to compare it with the
increase in RF plasma power, all deposition parameters were
unchanged, and only LF power was added to 200 W of RF
power. Figure 10 shows the deposition rate obtained with and
without LF addition. Figure 11 shows the impact of the DF
mode on resistivity while figure 12 illustrates the beneficial role
of LF addition on thin films’ density. The fitting error from
XRR spectra is at maximum 10%, thus is not significant and
is not reported in figures 10 and 12. The error bars in figure 11
correspond to the resistivity uniformity measured with 1 cm
edge exclusion.

It is clear from figures 10–12 that strong modifications
are obtained with LF addition. Again we can correlate the
higher deposition rate in the DF mode to the higher electron
density of the plasma. In the single RF mode with the
addition of 100 W RF (from 200 to 300 W), the deposition
rate increases by 60%, but with only 60 W LF added, the
deposition rate is increased by 126%. And whereas an increase
of RF power from 200 to 300 W leads to an increase in the
deposition rate only, adding LF power to the plasma allows us
to increase both the deposition rate and the density of the layer,
as shown in figure 12. An increase of both deposition rate and
density indicates that the reaction mechanism is more efficient,
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Figure 10. TiN deposition rate in RF mode and DF mode with LF
addition.

Figure 11. TiN resistivity in RF mode and DF mode with LF
addition.

i.e. more material is deposited on the substrate. However,
above 35 W of added LF plasma power, the deposition rate
and density do not have a linear growth with the plasma
power increase. There is a change in the slope for all the
characteristics of the material after 35 W of added LF, toward
a lower augmentation of the deposition rate and resistivity but
a higher density.

The addition of LF plasma also has an important effect on
sheet resistivity. Indeed, an increase in RF plasma power from
200 to 300 W reduces the resistivity by a factor of two. Such a
reduction is obtained with only 35 W of LF plasma power, and
adding 60 W of LF plasma power reduces the resistivity by a
factor of five. This decrease in resistivity is partly linked to the
density of the layer; a material has its optimum conductivity
when it is the closest to the theoretical density.

Figure 12. TiN density in RF mode and DF mode with LF addition.

Figure 13. XPS Ti2p spectra of TiN samples.

4.3. Impact of LF power addition to the RF plasma reaction

mechanism

The impact of LF on chemical composition was studied by
XPS on TiN materials. Figure 13 presents the Ti2p spectra
of samples deposited with 200 W RF, 300 W RF and 200 W
RF + 35 W LF.

Bonding environments corresponding to each peak are
noted in figure 13. TiO2, TiON, TiN and TiC are located at
459.6 eV, 458 eV, 456 eV and 454.9 eV, respectively [46].

In figure 13, it appears that an RF power increase from 200
to 300 W favours the creation of TiN, resulting in lower TiON
formation. Then, LF plasma power addition to 200 W RF also
reveals important changes. First the Ti–N bonds increase and
the TiON bonds are reduced. If the LF sample is compared to a
sample with 300 W RF power, it appears that the TiN creation
is similar; however, an additional 100 W of RF are used,
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Figure 14. C1sXPS spectra (a) and evolution of the area of the Ti–C bonding environment (b).

compared with the 35 W of LF. The second important change
is the shift of the TiN peak maximum towards lower energies,
when RF is increased or LF plasma is added. This shift may
correspond to the creation of the TiC bonding environment.
However, due to the low number of bonds created, the new
environment TiC is not observed as a new peak.

XPS measurements were also performed a second time,
after a several hours’ vacuum break, to compare the oxidation
uptake of each sample. The spectra are not presented here, as
no significant difference between the samples was observed.
Thus, oxygen uptake is similar no matter which plasma was
used for deposition.

The Ti2p modifications previously observed are compared
with the evolution of the C1s XPS spectrum with LF power
increase, presented in figure 14(a). Evolution of the C–Ti
peak area, which corresponds to the number of carbon atoms
bonded with titanium, is given in figure 14(b).

The C1s spectra in figure 14(a) clearly highlight the
formation of TiC bonding when using LF plasma, with a C–Ti
environment at 282 eV [46]. The intensity of the Ti–C peak
confirms the supposition of low TiC content in the layer and the
impossibility of observing the TiC peak in the Ti2p spectrum.
Moreover, an increase of the LF plasma power leads to a higher
TiC peak, as seen on the evolution of the peak area of C bonded
with Ti, shown in figure 14(b). Changes on N1s spectra, not
shown here, are not as visible; only a shift towards lower energy
of N–Ti bonding is apparent. This shift corresponds to the
increase of TiN bonds and the decrease of TiO environments,
as seen on the Ti2p spectra in figure 13.

Two explanations can support the presence of new TiC
bonds in the materials. First, this can be due to the
modification of the Ti precursor dissociation in the plasma
phase (as observed by OES with new emission peaks) and
so modifications of elastic and inelastic collisions in the
plasma phase thanks to electronic density and temperature
modifications with LF addition. Moreover, the ion plasma
frequency (fpi) of the precursor, and heavy ions coming from
the precursor dissociation, is a few MHz. Thus the LF

Figure 15. Evolution of the Gibbs energy of the products from
equation (5).

field can penetrate into the plasma volume causing increased
heating of heavy ions and increased dissociation. This is
in agreement with papers from Flamm [1] and Manolache
et al [23]. The second mechanism can entail heterogeneous
reactions, i.e. reactions at the surface of the growing film.
Hence, the TiC formation can be due to the activation of
a transposition mechanism, from the metal–organic titanium
precursor, following equation (5) [47]:

TiN + CH4 (g) → TiC + 1/2N2 (g) + 2H2 (g) . (5)

Since the deposition is done at 350 ◦C and at 2 Torr, it is
possible to determine the Gibbs energy of reaction (5) to
be +75 kJ mol−1. This reaction is not spontaneous, but TiC
formation is favoured at higher temperatures, as shown in
figure 15. The calculations indicate that the transposition
reaction (5) threshold is 970 ◦C. Such a high temperature is
not supposed to be reached at the surface of the sample, even
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when the energy brought by the hydrogen plasma is taken into
consideration.

Consequently, the hypothesis of surface heating by plasma
leading to a transposition reaction is not realistic. The creation
of TiC bonds in the plasma phase has to be preferred.

Also, an increase of RF plasma power from 200 to 300 W
does not show any creation of TiC bonds, whereas an addition
of 17 W of LF plasma power to 200 W RF is sufficient to create
TiC bonds, as shown in figure 14(a). As a consequence, a
hypothesis of higher efficiency of the decomposition of the
precursor’s molecules in a DF mode, with a LF source lower
than the fpi of the precursor, can be made.

This reduction of the plasma power needed to create
material with lower resistivity is welcome for some of the
applications, i.e. plasma was proven to be the source of damage
on the dielectric, resulting in poor electrical characteristics
when used for CMOS technologies [48].

5. Conclusion

In the case of a PECVD process, we have shown that using
a dual-frequency mode instead of a single RF mode is a
very good method of enhancing the deposition rate and film
properties, such as density and resistivity. It has been shown
that modification of the properties of a TiN metal are obvious
with the DF mode: the film is deposited faster and it has
a higher density and lower resistivity. In the case of pure
argon plasma, the optical emission spectroscopy of the plasmas
has shown that the DF mode increases the plasma density.
This is explained by a transition to a γ -mode in the CCPD
discharge thanks to secondary electrons. The H atoms’ density
is also higher in the DF mode. Finally, new emitted peaks
are observed. These can be correlated to a modification
of the Ti precursor dissociation in the DF mode. As a
consequence, new bonds are also observed in the growing
film. To conclude, and as suggested in 1986 by Flamm [1] and
shown by Manolache et al [23], the dissociation of a precursor
may be strongly increased by adding a discharge excitation
frequency, ωpi, of the ionized precursor to the basic ion plasma
frequency.
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