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Silane Activation by Ti(NMez)s and NH3z during Chemical
Vapor Deposition of Ti—Si—N Films
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Molecular beam mass spectrometry has been used to observe the activation of silane,
predominantly in the gas phase, during the chemical vapor deposition of Ti—Si—N thin films
using Ti(NMey),, tetrakis(dimethylamido)titanium, silane, and ammonia at 450 °C. The
extent of silane reactivity was dependent upon the relative amounts of Ti(NMe;), and NHs.
Ti—Si—N thin films were deposited using similar process conditions as the molecular beam
experiments. RBS and XPS were used to determine the atomic composition of these films.
The variations of the Ti:Si ratio as a function of Ti(NMe;), and NH; flows were consistent
with the changes in silane reactivity under similar conditions.

Introduction

Ti—Si—N is a refractory amorphous ternary nitride
which is a promising candidate for diffusion barrier
applications in future metallization schemes of inte-
grated circuits.™* These films also show potential as
nanophase materials with improved mechanical proper-
ties.>™7

Two chemical vapor deposition (CVD) processes have
been used to make Ti—Si—N films. One process reacts
TiCl,4 along with SiCly or SiH,Cl,, NH3, and H, above
1000 °C.%7 This method is most appropriate for refrac-
tory coatings, such as hard coatings on cutting tools,
where high temperatures are not deleterious to the
substrate. Plasma-enhanced CVD with these precursors
lowers the deposition temperature to 560 °C.5 Alterna-
tively, the Ti(NR2)s (R = Me or Et), NH3, and SiH4
precursor system enables deposition of Ti—Si—N films
at temperatures below 450 °C, which is low enough for
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microelectronics applications.* The Ti(NR); (R = Me
or Et) + NH; process (without the silane) has been
extensively studied because it is used to deposit TiN in
the semiconductor industry.8-15

In the case of the Ti(NRy)4 system, it is interesting
that silane reacts at these low temperatures given that
silane and ammonia typically require temperatures
between 600 and 700 °C to form Si3N,4.1® This suggests
that silane reactivity, and therefore silicon incorporation
into the films, is facilitated by the presence of Ti(NR2)4.
Both the electrical and mechanical properties of Ti—
Si—N films depend strongly on their silicon content.
Therefore, it is important to determine if gas-phase
chemistry controls silicon incorporation into these films.

Using molecular beam mass spectrometry, we have
demonstrated that silane is activated, predominantly
in the gas phase, by Ti(NMey),, tetrakis(dimethylami-
do)titanium (TDMAT) and ammonia at 450 °C during
the CVD of Ti—Si—N films. More importantly, we have
correlated the extent of this silane reaction under
several conditions to variations in atomic composition
in Ti—Si—N deposited by thermal CVD.

Experimental Section

The experimental apparatus, shown schematically in Figure
1, is a high-temperature flow reactor coupled to a four-stage
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Figure 1. Schematic of molecular beam mass spectrometer coupled to the high-temperature flow/CVD reactor.
differentially pumped molecular beam mass spectrometer. The
flow reactor is a water-cooled stainless steel vacuum chamber 25 240 E
that contains a quartz tube inside a three-zone, resistively X o | .53
heated furnace. The quartz tube has an inside diameter of 3.8 T 20 | »
cm and a length of 61 cm. The temperature of each zone is s - 260 T
independently controlled by a feedback loop using type-K 3 H
thermocouples. A moveable injector with translation along the x 15 - 270
axis of the quartz tube is used to generate kinetic data. 2 280 @
N ® 3 3
A conical aperture at the end of the reactor samples the gas = 10 4 ~
flow during CVD and forms it into a molecular beam. The @ 290 ©
beam is skimmed and collimated before entering the ion source 5 5 o
of a quadrupole mass spectrometer. The mass spectrometer g - 300 o
signals are collected at various m/e values by a multichannel a o | 310 g.
scaler data acquisition card synchronized to the frequency of ° -

a mechanical chopper in the beam path. In the experiments
below, the silane (mass = 32) is monitored at m/e = 30 (parent
ion minus two hydrogen atoms) because this is the most
intense peak in the silane mass spectrum. The silane signals
are normalized to argon as an internal standard to account
for drifting instrument sensitivity. This normalized silane
signal is proportional to the concentration of silane in the gas
phase. The instrument’s detection limit for silane is 200 ppm.

A gas inlet system meters gas flows to the reactor and
consists of mass flow controllers, a TDMAT bubbler, pressure
control valves, and capacitance manometers. Gases include
TDMAT, argon carrier and diluent gas, ammonia, and silane
(1.5% in Ar). The reactor pressure is regulated by a feedback-
controlled throttle valve on the exhaust port. For all experi-
ments, the reactor temperature is 450 °C, reactor pressure is
6.5 Torr, and the total gas flow rate is 785 sccm, which
corresponds to a residence time of 35 ms under the laminar
flow conditions used in this work.

Results

Figure 2 shows the percent silane reacted as a
function of varying Ti(NMey)4 precursor flows (0.0, 0.1,
and 0.3 sccm). The two data sets were taken at different
surface-to-volume ratios: 1.33 cm™?! (circles) and 2.04
cm~1 (squares). (The lines merely serve to guide the eye
and do not imply a functional interpretation of the data.)
The ammonia flow was constant at 10 sccm. Upon
addition of Ti(NMey)s, the percent silane reacted clearly
increases. For the low surface area case, 9.3% of the
silane has reacted upon addition of 0.1 sccm of Ti-
(NMey)4. This increases to 21.3% for 0.3 sccm of Ti-
(NMey)s. The data also suggest that the extent of silane
reaction per unit Ti(NMe,)4 decreases with increasing
Ti(NMey)s. In other words, the slope of the curve in
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Figure 2. Silane mass spectrometer signal (at m/e = 30) as
a function of Ti(NMey), flow during the CVD of Ti—Si—N from
Ti(NMez)s + NH; + SiH4. The reactor conditions are as
follows: T =450 °C; P = 6.5 Torr; NHs flow = SiH, flow = 10
sccm; residence t = 35 ms. The circles are for S/V = 1.33 cm™!
and the squares are for S/V = 2.04 cm~2. The lines serve only
to guide the eyes.

Table 1. Percent (%) Silane Reacted as a Function of
Ti(NMey)s Flow and S/V for the Reaction of Ti(NMey)s +
SiHs + NH3z2

TMT flow S/V=1.33cm™? S/V=2.04cm™?
scc/ mmol/ silaner/ % silane silaner/ % silane
min min T™MT reacted T™MT reacted
0.00 0.0000 0.0 0.0 00.0 0.0
0.10 0.0045 9.3 9.3 3.2 3.2
0.30 0.0134 7.1 21.3 1.2 3.7

2 The reactor conditions are as follows: T = 450 °C; P = 6.5
Torr; NH3 flow = SiH,4 flow = 10 sccm; residence t = 35 ms.

Figure 2 decreases with Ti(NMey), flow. Table 1 ex-
presses the moles of silane reacted per mole of Ti(NMey),
used in the flow (silaner/TDMAT). This ratio decreased
from 9.1 to 7.1 as the Ti(NMey), flow was tripled from
0.10 to 0.30 sccm, suggesting that less silane reacts per
unit Ti(NMey)4 as more Ti(NMey), is used in the process.
Another interesting aspect of the ratios in Table 1 is
that each Ti(NMez)s molecule is capable of activating
or reacting with more than one silane molecule.

To estimate the contribution of a heterogeneous
component toward silane reactivity, the surface-to-



Silane Activation by Ti(NMe,), and NH3

325,
— -]
R 15 3
H 3459
R4 —
17} o
5 10 | 2
o L 365,‘5,!
c
© 3
= 5 o
[72] A TMT = 0.00 —_
- 2
g 385 g
o

| 4052

T T T T

0 5 10 15 20 25 30
Ammonia Flow (sccm)

Figure 3. Silane mass spectrometer signal (at m/e = 30) as
a function of NHj; flow during the CVD of Ti—Si—N from Ti-
(NMey)s + NH3 + SiH4. The reactor conditions are as follows:
T =450 °C; P = 6.5 Torr; SiH,4 flow = 10 sccm; residence t =
35 ms. The circles are with TDMAT = 0.0 sccm, the squares
with TDMAT = 0.1 sccm, and the triangles with TDMAT =
0.3 sccm. The lines serve only to guide the eyes.

Table 2. Percent (%) Silane Reacted as a Function of
Ti(NMey)s Flow and NH3; Flow for the Reaction of
Ti(NMey)s + SiH4 + NH32

TMT flow (sccm)

NH3 flow (sccm) 0.0 0.1 0.3
0.00 0.00 0.00 0.00

10.00 4.46 6.94 7.92
30.00 7.67 16.09 8.21

a The reactor conditions are as follows: T = 450 °C; P = 6.5
Torr; SiH4 flow = 10 sccm; residence t = 35 ms.

volume (S/V) ratio of the reactor was increased by using
a quartz insert. Figure 2 shows that the extent of silane
reaction decreases significantly at the higher S/V ratio.
This implies that silane reactivity occurs predominantly
in the gas phase and in fact, is inhibited by large surface
areas. One possible explanation for this is that the
larger surface area adsorbs more Ti(NMey),, thus mak-
ing it unavailable for gas-phase reaction with silane.
Figure 3 shows the percent silane reacted as a
function of NHj3 flow (0, 10, and 30 sccm) for various
Ti(NMey)4 flows: 0.0 (squares), 0.1 sccm (circles), and
0.3 sccm (triangles). (The lines serve only to guide the
eye.) Silane reacts to a small extent (Table 2) in the
presence of NH3 with no Ti(NMey),4. Addition of 0.1 sccm
of Ti(NMey), increases the extent of silane reaction
compared to the no Ti(NMey), situation for all ammonia
flows. At 0.1 sccm of Ti(NMe3)4 and 10 sccm of ammonia,
6.9% of the silane reacts and this increases to 16% at
30 sccm of ammonia. Surprisingly, an increase in Ti-
(NMey)s to 0.3 sccm does not further increase the
percent silane reacted. Rather, the percent silane
reacted at 0.3 sccm of Ti(NMey)4 drops back down to
8.2% at 30 sccm of ammonia. This is the approximately
the same extent of reaction that occurred at 0.1 sccm
Ti(NMey), and 10 sccm ammonia. It is interesting to
note that the ratio of Ti(NMe,), to ammonia is the same
for these two cases, i.e., 0.3 sccm Ti(NMe2)4:30 sccm
ammonia equals 0.1 sccm Ti(NMe3)4:10 sccm ammonia.

(17) (a) Cundari, T. R. J. Am. Chem. Soc. 1992, 114, 10557—10563.
(b) Cundari, T. R.; Gordon, M. S. J. Am. Chem. Soc. 1993, 115, 4210—
4217. (c) Cundari, T. R.; Morse, J. M. Chem. Mater. 1996, 8, 189—196.
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This suggests that the extent of silane reaction is
dependent on the relative amounts of Ti(NMey)s and
ammonia.

To determine how well these silane reactivity studies
correlate with silicon incorporation into thin films, we
deposited Ti—Si—N films in a separate hot-wall thermal
CVD reactor. Table 3 shows the atomic composition of
these films. The deposition conditions in Table 3 are the
same as those in the molecular beam experiments,
except for reactor pressure which was 20 Torr compared
to 6.5 Torr for the beam experiments. The atomic
compositions were determined by X-ray photoelectron
spectroscopy (XPS) and confirmed by Rutherford back-
scattering spectrometry (RBS).

The Si:Ti ratio in the films decreases from 1.03 to 0.6
as Ti(NMey), is increased in the presence of 10 sccm
ammonia. This behavior is repeated at 30 sccm of
ammonia, in which the Si:Ti ratio decreases from 1.38
to 0.55 as Ti(NMey), is increased. These results are
consistent with the molecular beam mass spectrometry
studies in which the silane reacted per unit Ti(NMez)4
decreased when Ti(NMe), was increased from 0.1 to
0.3 sccm. For constant Ti(NMe)4 at 0.1 sccm, the Si:Ti
ratio increases from 1.03 to 1.38 as ammonia is in-
creased. In contrast, at Ti(NMey)4 equal to 0.3 sccm, the
change in the Si:Ti ratio is negligible (0.6 to 0.55) as
ammonia is increased. These changes in Si:Ti ratio are
also in agreement with how the extent of silane reaction
varied with ammonia flow in the molecular beam
experiments.

Discussion

An interpretation of this combination of silane reac-
tivity and thin-film deposition studies is that Ti(NMey)4
activates silane in the presence of NH3, allowing silicon
to become incorporated into the growing films. A pos-
sible mechanism for silane activation by Ti(NMey)4 and
ammonia involves formation of some type of titanium
imido complex. Previously Cundari et al. have per-
formed ab initio studies of silane (and methane) activa-
tion by group VB imido complexes, including H,Ti=
NH.Y” They determined the activation of silane by
H,Ti=NH to be exothermic with AHx, = —2.0 kcal mol.
The reaction involves a four-center transition state with
an agostic interaction between the metal and the Si—H
bond.

The existence of titanium imido complexes is also
supported by experimental evidence in the litera-
ture.14ac1518-24 The gas-phase kinetic studies of Ti-
(NMey)s and NH3 by Weiler are particularly relevant
because they support the presence of titanium imido
complexes, such as Ti(=NH)(NMe,),, resulting from
ammonia transamination and successive dimethylamine
eliminations (egs 1 and 2).1%

Ti(NMep)s + NHg

Ti(NHp)(NMey); + HNMe, (1)

Ti(NH2)(NMey); —  Ti(=NH)(NMe,), + HNMe, (2)

Infrared spectroscopic evidence also supports the
formation of imido complexes from Ti(NMe,), and
ammonia.’a¢ Imido complexes are also implicated as
intermediates during the CVD of TiN from precursors
made from TiCl, and alkylamines.'® There are related
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Table 3. Composition of Ti—Si—N Films Made by CVD Using Conditions of Molecular Beam Experiments
(% = atomic percent)

T P tesidence silane flow TMT flow NH3 flow
(°C) (Torr) t (ms) (sccm) (sccm) (sccm) Si/Ti %Si %Ti %N %C %0
450 20 35 10 0.1 10 1.03 27 17 35 8 14
450 20 35 10 0.3 10 0.6 17 28 31 9 15
450 20 35 10 0.1 30 1.38 23 17 33 3 25
450 20 35 10 0.3 30 0.55 16 29 34 8 12

examples of titanium alkylimido compounds from solu-
tion studies.1722 Other transition metals, such as
tantalum and zirconium, form alkylimido complexes.22-24
In fact, it has been demonstrated that the zirconium
alkylimido compound activates methane?* in a manner
similar to the activation of methane and silane by
titanium imido complexes studied by Cundari.l”

On the basis of these previous observations as well
as the results presented here, it is reasonable to
postulate that the first step of silane activation occurs
according to the following mechanism:

H,Si

3 H4S/i

RzNu;'Ti:N"H — RzNu;Ti:N—H —
RoN RN
HaSi—pH* H3$7i H*
| =
RZN\.ji—N—H — Ranj’i———N,H (3)
RQN R2N

The imido species is generated according to mechanisms
1 and 2 above. The silane activation step is an addition
of the Si—H bond across the Ti=N bond through the
four-center transition state described by Cundari.’
Although not conclusive, this mechanism is consistent
with our silane reactivity studies. Increasing Ti(NMe3),
causes more silane to react by increasing the amount
of the imdio complex available. If incomplete transami-
nation of Ti(NMey), is assumed under the conditions of
these flow experiments, the mechanism also explains
why increasing ammonia did not increase silane reac-
tivity for the case of 0.3 sccm Ti(NMey)s. There was
insufficient ammonia relative to the increased Ti-
(NMey)s. In fact, 0.3 sccm Ti(NMey), and 30 sccm
ammonia are the same relative ratio as 0.1 sccm Ti-
(NMey), and 10 sccm ammonia. This suggests that
silane may react more readily with a doubly or triply
transaminated titanium—imido species with less steric
bulk. If complete transamination is assumed the role
of ammonia in silane activation becomes less clear. A
titanium—imido species may activate more than one
silane molecule, although it remains to be determined
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Winter, C. H. Inorg. Chem. 1994, 33, 5879—5889.

(19) Hill, J. E.; Profilet, R. D.; Fanwick, P. E.; Rothwell, I. P. Angew.
Chem., Int. Ed. Engl. 1990, 29, 664—665.

(20) Roesky, H. W.; Voelker, H.; Witt, M.; Noltemeyer, M. Angew.
Chem., Int. Ed. Engl. 1990, 29, 669—670.

(21) Cummins, C. C.; Schaller, C. P.; Van Duyne, G. D.; Wolczanski,
P. T.; Chan, A. W. E.; Hoffman, R. J. Am. Chem. Soc. 1991, 113, 2985—
2994.

(22) Nugent, W. A.; Haymore, B. L. Coord. Chem. Rev. 1980, 31,
123-175.

(23) Nugent, W. A; Harlow, R. L. J. Chem. Soc., Chem. Commun.
1978, 579—580.

(24) Cummins, C. C.; Baxter, S. M.; Wolczanski, P. T. J. Am. Chem.
Soc. 1988, 110, 8731—-8733.

how each TDMAT molecule can activate seven or more
silane molecules, according to the data in Table 1. Of
course, some of these observations could be related to
surface processes.

The decrease in silane reactivity with higher surface
area implies that silane activation occurs predominatly
in the gas phase. This can be rationalized on the basis
of constrained motion of titanium imido complexes that
are adsorbed on a surface. The mechanism shown in eq
3 requires lengthening of the Si—H bond, changing
direction of the N—H*—Si angle and increasing in the
Ti—N—H* angle, transfer of H* to the incipient amido,
and pivoting of the amido ligand once it is formed. This
sequence of molecular motions is likely to be hindered
if they occur on an imido species attached to a surface.
Alternatively, higher surface areas may hinder a gas-
phase reaction required prior to the silane addition step.
It is known from surface studies between 300 and 500
K that TiN deposition occurs only if Ti(NMe), and NH3
react in the gas phase.#@ No surface reaction was seen
when Ti(NMey), was added to adsorbed NHj3, or when
NH3; was added to adsorbed Ti(NMey)s. This suggests
that increased surface area would hinder the gas-phase
reaction between Ti(NMey), and NH3 required to form
the imido complex that most likey reacts with silane.

There is an alternative mechanism involving various
silicon—nitrogen compounds which may explain the
increased silane decomposition upon addition of Ti-
(NMey)4 in the presence of ammonia. Silylene, SiH,, is
a product of silane pyrolysis (eq 4).25728 Its various
reactions with ammonia to form aminosilane (HzSi—
NHy>), silanimine (H,Si=NH), and aminosilylene (HSi—
NH>) have been characterized by ab initio methods (egs
5—7).29732 The direct reaction of silane and ammonia

S|H4 ES S|H2 + H2 (4)
SHa_  (SiHgoNH + H,

SiH, + NH3; === H3Si—NH, (5a)
TN~ SHANH), + H,

(5b)

Sng + NH3 —_— HgSi:NH + H2 (6)
SiH, + NH; == H3Si—NH, + H» (7)

to form H3Si—NH; has also been studied theoretically
(eq 8).3% These reactions (egs 5—8) would explain the

SiHy + NHy  ——=  SiHg—NH, + H, @)

(25) Neudorfl, P.; Jodhan, A.; Strausz, O. P. J. Phys. Chem. 1980,
84, 338—339.

(26) Ring, M. A_; Puentes, M. J.; O'Neal, H. E. 3. Am. Chem. Soc.
1970, 92, 4845—4848.
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91, 5732—-5739.
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small amount of silane reactivity we observed in the
presence of ammonia alone at 450 °C. The relatively low
temperature prevents significant amounts of SiH, from
being produced from the gas-phase decomposition of
silane according to published rate data; unless this is
somehow facilitated by a Ti-rich surface.3

These silicon—nitrogen compounds may undergo tran-
samination reactions with Ti(NMe3)4 or similar species
(egs 9 and 10). Steric hindrance may render these

Ti(NMey)s + HaSi-NH,

H
|
(NMey)sTi—N—SiH; + HNMe,  (9)

Ti(NH2)(NMeg)s + HgSi—-NH,
H
(HoN)(NMe,),Ti—N—SiH; + HNMe,  (10)

reactions less likely than the titanium imdio activation
discussed previously. Studies are in progress to deter-
mine the occurrence of these two mechanisms during
CVD of Ti—Si—N.

(28) Ho, P.; Coltrin, M. E.; Binkley, J. S.; Melius, C. F. J. Phys.
Chem. 1985, 89, 4647—4654.

(29) Melius, C. F.; Allendorf, M. D.; Colvin, M. E. Electrochem. Soc.
Proc. 1997, 97—-25, 1—-14.

(30) Truong, T. N.; Gordon, M. S. J. Am. Chem. Soc. 1986, 108,
1775—-1778.

(31) Raghavachari, K.; Chandrasekhar, J.; Gordon, M. S.; Dykema,
K. J. J. Am. Chem. Soc. 1984, 106, 5853—5859.

(32) Melius, C. F.; Ho, P. J. Phys. Chem. 1991, 95, 1410—1419.

(33) (a) Tachibana, A.; Kurosaki, Y.; Sera, T.; Tanaka, E.; Fueno,
H.; Yamabe, T. J. Phys. Chem. 1990, 94, 5234—5240. (b) Tachibana,
A.; Kurosaki, Y. Acta Chim. Hung. 1993, 130, 111-128.

(34) Roenigk, K. F, Jensen, K. F.; Carr, R. W. J. Phys. Chem. 1987,
91, 5732—-5739.
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Attempts to observe this silane reactivity at lower
temperatures with the molecular beam mass spectrom-
eter have been unsuccessful to date. This is attributed
to the high activation barrier for the reaction of silane
with titanium imido complexes. Cundari calculated the
enthalpy of activation for this process to be AH* = 15.5
kcal/mol, which is significantly higher than the enthal-
pic barrier of AH* = 6.9 kcal/mol for the transamination
reaction of Ti(NMey)s with ammonia, measured by
Weiler.728 We are in the process of improving the
sensitivity of the apparatus to observe this reaction at
lower temperatures.

Conclusions

The most important result from this work is the
observation that Ti(NMey)s activates silane in the
presence of ammonia at 450 °C. The extent of silane
reaction is dependent upon the relative amounts of Ti-
(NMe3)s and ammonia. Moreover, Ti—Si—N thin films
have been deposited in which the variations of the Ti:
Si ratio with Ti(NMe), and ammonia flows are consis-
tent with observations of silane reactivity under similar
conditions. This demonstrates that knowledge of the
gas-phase mechanisms that occur during CVD of Ti—
Si—N ultimately can be useful as a means of controlling
film composition. Further experiments are underway to
further elucidate the mechanism and kinetics of this
reaction.
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