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In this article influence of plasma parameters on TaCN deposition using Plasma Enhanced Atomic Layer
Deposition (PEALD) is studied. TaCN is deposited on 300 mm Si substrate with the organometallic precur-
sor Tertiary-ButylimidoTrisDiEthyl-aminoTantalum (TBTDET) and H2/Ar plasma at different plasma
power. Thickness, density, roughness, resistivity, crystallography and composition of the obtained layers
were analysed by X-ray Reflection (XRR), 4 points probe measurement, X-ray Diffraction (XRD) and X-ray
Photoelectron Spectrometry (XPS) respectively. Results show an evolution of the material with the
increase of plasma power from a TaN-like to a TaC-like material.

1. Introduction

Sub-20 nm high-k/metal gate transistors, in replacement gate
scheme, requires metal gate cavity filling with films as thin as
2 nm, with low resistivity, roughness and a good film conformity
[1]. To fulfill these requirements the most used deposition method
is the Atomic Layer Deposition (ALD) without or with plasma assis-
tance (PEALD). Tantalum based alloys are know as chemical etch
barrier and show chemical inertness as well as good thermal sta-
bility [2]. So TaCN electrode deposited by PEALD on HfO2 dielectric
is investigated as a possible candidate [3–6]. PEALD deposition
method is based on alternation of metal–organic precursor decom-
position with reactant gas and plasma steps for densification of the
film. Tantalum metal–organic precursors currently available com-
mercially are the PDEAT (Ta(NEt2)5) [7], PDMAT (Ta(NMe2)5) [8],
TAIMATA (Ta(NCMe2Et)(NMe2)3) [9] and TBTDET (TaNCMe3)
(NEt2)3) [10], with Et and Me standing for ethyl and methyl groups,
respectively. It was already proven that precursors are important
not only because of their properties (vapour pressure, flash point
and molecular weight mainly) but they also have an important
influence on composition, electrical characteristics and oxidation
of the deposited layer [11–13]. For this study commercial TBTDET
was chosen due to low residue left after decomposition and its

ability to be vaporised thanks to its low intrinsic vapour pressure
(�1 Torr at 120 �C).

In this work, formation of tantalum carbo-nitride films depos-
ited by ALD with H2 plasma assistance, using different plasma con-
ditions are presented and compared. Influences of plasma power
on physical properties of the films are discussed.

2. Experimental methods

2.1. Samples preparation

All depositions were done in an ASM EmerALD�3000 chamber,
on 300 mm silicon (1,1,1) substrate with a silicon thermal oxide
of 100 nm for resistivity 4-points probe measurements. Tertiary-
ButylimidoTrisDiEthyl-aminoTantalum (TBTDET) precursor was
used for deposition. As presented Fig. 1b in the TBTDET molecule
tantalum atom is bonded only with nitrogen, and one of the bounds
is double, there is no direct bonding of tantalum and carbon.

Process steps of PEALD deposition are presented Fig. 1a. The
process can be decompose as follow: introduction of precursor in
the deposition chamber until surface saturation, purging excess of
precursor, activating H2/Ar plasma and purging before new surface
saturation with precursor. Number of cycles is chosen depending
on the targeted thickness, as the deposition rate is linear after the
first cycles. In the current work, the number of cycles was fixed to
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320, which depending on plasma conditions lead to a film thickness
ranging from 9 to 12 nm.

In this study, constant plasma time and constant plasma budget
are compared. A first set of three films, S1, S2 and S3, was deposited
at constant plasma time t1 and variable plasma power: low power
(LP), middle power (MP) and high power (HP). Three additional
films, S4, S5 and S6, were processed at LP, MP and HP plasma power
condition but with adapted plasma time t3, t2 and t1 respectively,
(t3 > t2 > t1), in order to obtain a fixed product of plasma power by
time, called plasma budget. These two sets of experiments allow
a comparison of the influence of instant plasma power vs. total plas-
ma budget on the TaCN film. The sample with the higher plasma
power condition and a chosen plasma time t1 was done twice (S3
and S6) in order to verify process repeatability. Used plasma powers
and times are presented in the Table 1, with in line the constant
plasma time and in diagonal the constant plasma budget.

2.2. Characterizations

Transfer from the deposition chamber to other characterization
equipments required vacuum break, leading to surface oxidation of
the films. To limit the variation of the oxide growth a minimum of
one hour vacuum break was respected between deposition and
characterization, in order to insure stabilisation of the oxide before
analysis [14]. Thickness, density and roughness were measured by
X-ray Reflection (XRR), in 43 points using a Jordan Valley JVX6200
(h = [0; 3.5�]), and 4 points probe technique was used to measure
the films resistivity in 49 points using Napson WS-3000. Crystal-
lography of the samples was obtained by X-ray Diffraction (XRD)
using a Panalytical X’Per Pro tool (h = [30; 80�]) and compositions
and chemical bonding were measured by X-ray Photoelectron
Spectroscopy (XPS) using a Thermo Scientific Theta 300, with Al–
Ka, 400 lm and 100 eV beam.

3. Results

3.1. Thickness and density

Fig. 2 shows XRR average thicknesses and densities versus plas-
ma power, over the 43 measured points, extracted after careful

spectra fitting. To obtain satisfying fit between the spectra and
the model, 15 Å tantalum oxide layer was added on top of the TaCN
layer, indicating a clear surface oxidation of the film.

Besides, layer roughness did not change with plasma modifica-
tion, thus results are not discussed in the current paper.

It appears that the two samples S3 and S6 generated at HP pres-
ent a similar variation of thickness and density included in the
measurement error margin. This similarity was confirmed with
resistivity measurements. Thus process is considered as stable.

First, for constant plasma time experiments, thickness decrease
(left axis) and density increase (right axis) are observed at higher
plasma power, which indicates a densification of the material
(see (2) on Fig. 2). Measured density, 10.5 gcm�3 for LP and
11.5 gcm�3 for HP, has to be compared with theoretical density
of TaN: 13.7 gcm�3 and TaC: 14.5 gcm�3 [15]. Difference between
theoretical and experimental density values could be related to
TaCN surface oxidation.

Second, for the constant plasma budget experiments, a decrease
of thickness and increase of density with longer plasma time at
both LP and HP conditions are observed. At constant plasma budget
a significant variation of density and thickness can be observed be-
tween S4 LP and S6 HP (see (1) on Fig. 2). Therefore comparing the
two sets of experiments it appears that plasma time increase is
leading to lower changes in the material than plasma power in-
crease. Higher plasma power seems to be necessary to break down
the precursor molecule and enable creation of new bonds.

Resistivity of the layers, Fig. 2, exhibits similar behaviour as the
thickness presented previously.

Constant plasma time experiment shows a decrease of resistiv-
ity with a factor 8 from LP to HP samples. From literature it is
known that cubic-TaN (150 lXcm) is more resistive than cubic-
TaC (30 lXcm) [15] for highly crystalline samples. Therefore, it
shows that plasma power increase changes the materials proper-
ties from TaN-like to TaC-like film. Obtained resistivity is compara-
ble with resistivity of films deposited by MOCVD [16] and reactive
sputtering [17,18] techniques, as it is ranging from 200 to
1000 lXcm depending on process conditions.

In line with the previous XRR study, it appears that LP and HP
samples in the constant plasma budget experiment show a de-
crease of resistivity. Effect of plasma time increase on resistivity
is obvious (see Fig. 2 S1, S4 at LP and S2, S5 at MP) but not as effi-
cient as a plasma power increase (HP values). Here again, one can
conclude that higher plasma power is more efficient to decompose
the precursor than longer plasma time.

In the rest of the discussions, focus will be done on constant
plasma time experiments, S1, S2 and S3 samples, which represent
extreme cases (i.e. the other samples are expected to present inter-
mediate properties).

Fig. 1. (a) Plasma Enhanced Atomic Layer Deposition steps; (b) TBTDET molecule.

Table 1

Plasma time and plasma power used for each sample.
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3.2. Crystallography

Crystallographic spectra of LP and HP samples are presented in
Fig. 3, along with the theoretic peaks of cubic-TaN and cubic-TaC.
Spectrum from MP sample is not displayed to allow a better view
of LP and HP differences.

Five Miller indexes are visible in the analysed window, these in-
dexes confirm that both LP and HP samples have a cubic structure.
Moreover, matching between experimental spectra and theoretical
peaks shows that the increase of plasma power is changing the
crystallography of the films from cubic-TaN to cubic-TaC, this evo-
lution is clearly visible for all the indexes.

The shift of the crystallographic peaks is related to a modifica-
tion of the lattice parameter of the layer, from 4.32 Å at LP to
4.42 Å at HP. These two values perfectly match with reported cu-
bic-TaN and cubic-TaC lattice parameter [19].

In addition, the artefact from substrate silicon (1,1,1) at h = 57�,
visible for both LP and HP samples, shows that the shift in peaks
location is not due to measurement error but corresponds to a
change in the deposited material.

Although, spectrum of the intermediate power sample (MP) is
not presented here, we notice that the five indexes peaks are all lo-
cated in between LP and HP peaks. Full width at half maximum
(FWHM) and intensity of the peaks are similar for the three sam-
ples, which shows that it exists only one kind of lattice within
the layer. If MP layer would be made from a mixture of TaN and
TaC polycrystals an enlargement of the peaks together with a

decrease of intensity would have been observed. Thus modification
of lattice size is gradual with plasma power increase.

The high intensity and low FWHM of the peaks in the spectra
means that the material is highly crystalline. So the lower density
observed in the Section 3.1 cannot be explained by a low crystallin-
ity of the layer.

3.3. Chemical environments

The chemical environment of the species in LP and HP layers
was deduced from XPS analysis. Ta4f, C1s and N1s spectra acquired
on LP samples are presented in Fig. 4, HP sample Ta4f, C1s and N1s
are presented in Fig. 5.

Ta4f spectra from LP sample, Fig. 4, and HP sample, Fig. 5, exhi-
bit three environments; Ta–O (i.e. Ta bonded with oxygen), Ta–N
and Ta–C located at 26, 24.5 and 23.5 eV, respectively [20]. Because
of the three overlaid bonding environments, analysis of the spectra
is quite difficult. In order to have more information on the material
bonding, environments of carbon and nitrogen were studied, with
C1s and N1s respectively. Spectra are presented Fig. 4 for LP sample
and Fig. 5 for HP sample. Environment changes of C1s and N1s are
clearly highlighted on these spectra. On Figs. 4 and 5 C1s peaks
present at 283 eV (on the right of the spectra) correspond to C-Ta
bonds. Figs. 4 and 5 N1s peaks present at 397 eV (on the right of
the spectra) correspond to N–Ta bonds. Evolution of carbon and
nitrogen bonds is consistent with the hypothesis expressed above:
plasma power increase allows a better precursor’s molecule bonds
separation which changes the material from TaN-like to TaC-like.

Fig. 2. Evolution of thickness, density (left) and resistivity (right) depending on plasma parameters.

Fig. 3. XRD analysis S1 and S3 TaCN layers along with cubic TaN and cubic TaC
theoretical peaks. Fig. 4. XPS spectra of Ta4f (a), C1s (b) and N1s (c) for LP sample.
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Quantification of the species present in the films can be
extracted from the current XPS spectra, leading to the composition
of the layers. Indeed, area under the curve is proportional to the
number of bonds present in the analysed volume. Films composi-
tions are given in Fig. 6. This estimation only includes C–Ta (ob-
tained in C1s), N–Ta (obtained in N1s) and Ta–C, Ta–N bonds
(obtained in Ta4f).

Layers compositions reveal that the number of carbons in C–Ta
bonds is increasing with higher plasma power, whereas nitrogen in
N–Ta bonds is decreasing. This observation further confirms mod-
ification of the material from TaN-like to TaC-like, keeping a TaCx-

N1-x composition.
Representation of Ta atoms and their bonds for LP and HP are

given Fig. 6a and b, it reflects the composition changes of the
deposited layers from TaC0.19N0.86 at LP to TaC0.56N0.49 at HP.

4. Discussion

4.1. Film composition

Overall, characterizations done in this study proved the evolu-
tion of TaCN metal properties from TaN-like to TaC-like material.
This evolution was linked to the increase of plasma power which
allows to break chemical bond between Ta and N in the TBTDET
molecule, resulting in an increase of tantalum bonded with carbon
in the deposited material. Also due to the original chemical struc-
ture of TBTDET molecule, nitrogen concentration in the layers is

greater than carbon concentration. Complete replacement of nitro-
gen by carbon has not been seen, even with higher plasma power
than presented here. This observation can be associated to the
presence of a double bond between Ta and N, plasma energy nec-
essary to break this bond is more important.

On the XPS spectra presented Section 3.3 no C–N, N–N nor
Ta–Ta bonds were observed, whatever the plasma parameters.
Therefore it appears that all C and N coming from the precursor
molecule either react with Ta to form Ta–C or Ta–N bonds or is
pumped away from the sample surface as a deposition by-product.
No residues, such as N(CH3)3 or CH4 are detected in the film. The
absence of carbon impurities in the film and the presence of
Ta–C explain the low resistivity of the layers, indeed carbon
impurities increase the resistivity of the films [21], whereas
carbides decrease it.

4.2. Film density

Crystallographic analysis of the samples, Section 3.2, showed a
high cristallinity of the films, suggesting that experimental density
should be similar to theoretical one. Using Angle Resolved XPS, the
surface oxidation was determined to be thinner than 2 nm. Know-
ing that Ta2O5 density is 8.2 gcm�3 [15], a stack of 2 nm of Ta2O5

and 10 nm of TaN or TaC has an total density of 12.5 or 13.3 gcm�3

respectively. Thus surface oxide may not be the only cause of the
lower density. Another hypothesis to explain the density shift is
the oxidation of the first deposited nanometres by interaction with
the substrate. It has been shown that ALD deposited TaN is creating
only Ta–O bonds in the early steps of the process [22]. Thus it can
be supposed that there is oxidation of TaCN, located at the TaCN/
SiO2 interface, but because of TaCN surface oxidation it is not pos-
sible to locate the Ta–O bond with the available tools. A 1 nm tan-
talum oxide at the substrate interface would decrease the density
from 12.5 to 11.9 and 13.3 to 12.7 gcm�3 for TaN and TaC respec-
tively. On top of that the XRR fitting error has to be taken into con-
sideration. This error which can be evaluated to 10%, leading to a
measured density of TaN or TaC matching to the theoretical densi-
ties of crystalline material.

4.3. Film formation

TBTDET metalorganic precursor has similar behaviour to other
metalorganic precursors, such as TDMAT, as metal is only bonded
to nitrogen. Thus deposition of TBTDET can be resolved by three
different reactions [23]: transamination exchange with the forma-
tion of trimethylamine and methane (1), amine elimination (2) and
(3) and possible transposition reaction creating ammonia and
hydrogen (4) or nitrogen and hydrogen (5).

Formula (1): precursor TBTDET deposition at sample surface
under H2 flow.

Ta½NðCH2CH3Þ2�3½¼ NCðCH3Þ3� þ 6H2ðgÞ

! N2Ta½NðCH2CH3Þ2�½¼ NCðCH3Þ3� þ 8CH4 ð1Þ

Formula (2) and (3): amine elimination forming Ta–H (2) or
Ta–N (3).

N2Ta½NðCH2CH3Þ2�½¼ NCðCH3Þ3� þH2plasma

! N2TaH2 þ 2NðCH3Þ3 þ 2CH4 ð2Þ

N2Ta½NðCH2CH3Þ2�½¼ NCðCH3Þ3� þH2plasma

! N2TaðNH2Þ2 þ 8CH4 ð3Þ

Formula (4) and (5): possible transposition reactions of N by C to
form TaC from TaN

TaNþ CH4ðgÞ ! TaCþ NH3ðgÞ þ 1=2H2 ð4Þ

Fig. 5. XPS spectra of Ta4f (a), C1s (b) and N1s (c) for HP sample.

Fig. 6. Samples composition at constant plasma time and representation of bonding
for LP (a) and HP (b) samples.
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TaNþ CH4ðgÞ ! TaCþ 1=2N2ðgÞ þ 2H2 ð5Þ

To explain the creation of TaC with plasma power increase the
Gibbs energy of the transposition reaction was calculated. Consid-
ering that in this experiment deposition is done at 325 �C and un-
der 1 Torr the Gibbs energy of reaction (5) can be determined to be
+77 kJ/mol, thus the reaction is not spontaneous. But a tempera-
ture increase will lead to the enhancement of TaC creation, as
shown in Fig. 7. Calculation reports that transposition reactions
(4) and (5) appear from 550 �C, such temperature can be reached
locally at the sample surface thanks to hydrogen plasma. As a
result increase of H2 plasma power is leading to an increase of
the local temperature and will promote the transposition reaction,
leading to creation of TaC.

XRD measurements, Section 3.2, showed a gradual change of
the lattice parameter from cubic-TaN to cubic-TaC but composition
analysis, Section 3.3, proved that the material always contains
nitrogen and carbon. Thus it appears that increase of plasma power
is leading to introduction of carbon atoms in TaN lattice, progres-
sively affecting the lattice parameter of the material toward a
TaC lattice. One can suppose that this carbon nitrogen exchange
and evolution of the lattice parameter is leading to high internal
stress of the material, a study of this stress is ongoing.

5. Conclusion

In this study the influence of plasma power on TaCN films
deposited by PEALD was evaluated. XRR and four points probe
measurements showed that using higher plasma power: lower
resistivity and higher density films were obtained. These changes
were compared with theoretical data of TaN and TaC material to

highlight the similarities and it appeared that increase of plasma
power is shifting the material from a TaN-like to a TaC-like mate-
rial. Increasing plasma time to have same plasma budget at all
plasma power (product of plasma power and plasma time con-
stant) led to a decrease of the observed variations between low
and high plasma power, but differences are still significant. XRD
analyses support the TaN-like and TaC-like hypothesis with really
good fitting of the experimental and theoretical Miller indexes.
Then, a correlation was done with XPS measurement, proving the
hypotheses of TaN-like and TaC-like materials thanks to chemical
bonding and film composition. XPS analysis also showed a signifi-
cant O contamination due to post-oxidation of TaCN films in ambi-
ent atmosphere. Finally, a reaction mechanism was proposed to
explain the creation of TaC from the TaN bond initially present in
the TBTDET molecule.
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