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TiN is a material with a unique combination of
properties including high hardness, good electrical con-
ductivity, a high melting point, and chemical inertness.!
This makes it useful for a range of applications that include
wear-resistant coatings for machine tools and bearings and
thermal control coatings for windows.2 However, one of
the most significant applications of TiN is as a diffusion
barrier for metallization layers in integrated circuits.? Here
good conformal coatings of TiN on high-aspect-ratio
features may hold the key to the next generation of
integrated circuits.

The CVD reaction of Ti(NRs)4 (R = Me, Et) with NH;
is a promising new method to deposit TiN since it gives
films at low temperature with good purity* and good step
coverage.> An important feature of this system is that a
gas-phase reaction between Ti(NMeg)s and NHj is ap-
parently required in order to deposit low-carbon films of
TiN.® Significantly, no surface reaction between coad-
sorbed Ti(NMe,), and NH;z could be observed under UHV
conditions.” Therefore, to optimize this process and design
improved CVD reactors, it is important to examine the
relevant gas-phase reactions and their relationship to the
properties of the material produced. This includes the
spectroscopic identification of the reactive intermediates
and quantitative measurements of the rates of relevant
reactions for input into kinetic models of the deposition
process.

We have developed a technique that is ideal for this
purpose—a flow-tube reactor coupled to an FTIR spec-
trometer. Inthe flow-tube experiment,®two reactive flows
are mixed in a long tube via a movable injector, and
reactants and products are monitored downstream, in this
case by FTIR spectroscopy. Thereaction timeiscontrolled
by the variable distance between the injector and the
focused IR beam at a constant flow velocity. Here we
demonstrate the use of the flow tube reactor for studies
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of CVD kinetics by measuring the gas-phase rate constant
for the reaction between Ti(NMej)4 and NHj for the first
time.

The flow-tube reactor®is a 1-m-long, 1.37-in.-i.d., Teflon-
coated, stainless steel tube equipped with a sliding injector
port. To ensure good mixing, Ti(NMe;), is injected
counter-current to the main flow using a Pyrex loop with
many equally spaced holes. The observation region is a
cross equipped with purged windows, capacitance ma-
nometers, and a throttle-valve controller to maintain
constant pressure. Mass flow meters measure the separate
flows of buffer gas, bubbler, and purge flows, and the flow
of a dilute mixture of NHj in buffer gas (6-7%). The He
and Ar buffer gases used were ultrahigh-purity grade, and
the NH; was electronic grade. The total pressure and gas
flow into the reactor was held constant by compensating
changes in the NH; flow with buffer gas. The spectrometer
was operated at 8-cm! resolution, and 256 scans were
averaged. Referencespectra of NHz were subtracted from
the data to remove overlapping bands.

To confirm that the apparatus produces reliable kinetics
data, we have measured the rate constant for the reaction
of O3 with isobutene. For this experiment, a mixture of
He and O; flowed into an ozone generator and then into
the sliding injector. We measured the decay of O3 as a
function of reaction time (distance) and isobutene partial
pressure and determined the rate constant to be (13.8 +
0.1) X 10-18 cm3 molecule! g1 (10 Torr, 25 °C).10 This is
in excellent agreement with the best literature value, (13.6
+0.2) X 1018 cm3 molecule-!s-! (760 Torr, 25 °C), obtained
using a very different technique.!!

When Ti(NMey), is reacted with NHg in the flow-tube
reactor, the IR spectra show the removal of Ti(NMes),
and formation of HNMe;. The relatively intense NC,
symmetric stretch at 949 cm-! is a good signature for Ti-
(NMey),,” and we use it to monitor the number density of
Ti(NMeg)s. With 0.245 Torr of NH3 in the reactor, we
observe the decay of Ti(NMeg), on the time scale of <2
s and the concomitant formation of HNMe; as identified
by its peaks at 1485, 1158, and 735 em-1.1? This is
consistent with the results of Dubois et al.” and is expected
for a transamination reaction.!®* However, in this work,
the kinetics are not determined by reagent mixing times
(see below), and we confirm that HNMe, is a direct product
from the reaction of NH; with Ti(NMey)4.

Figure 1 shows the disappearance of Ti(NMey), as a
function of time and NHj pressure. Plots of In(A/A4y)
versus time are shown for three NH; pressures, where A
is the integrated absorbance of the NC; stretch, and Ag
is the average absorbance in the absence of NH3.1¢ Using
available vapor pressure datal® and assuming that the
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Figure 1. Plot of In(A/Ap) versus time for the reaction of Ti-
(NMey); with NH; where A is the absorbance of Ti(NMey), and
Ao is the absorbance in the absence of NH;. Data for three
different NH; pressures are shown: 0.090 (@), 0.179 (A), and
0.357 (@) Torr. The buffer gas is helium and the total pressure
is 10.0 Torr.
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Figure 2. Plot of the decay constants of Ti(NMe;), versus NH;
(@) or ND; (@) pressure. The slopes give the bimolecular rate
constants, ky = (1.1 £0.1) X 10-1¢ cm3 molecule-! s-1 and kg = (4.5
+ 0.5) X 10-'7 cm® molecule s, or kp/kq = 2.4 £ 0.4.

bubbler flow is saturated, the upper bound on the partial
pressure of Ti(NMez), is 0.006 Torr. Therefore, the NHj
density (>0.1 Torr) is in excess, pseudo-first-order con-
ditions apply, and we expect a linear plot of In(A/Ay) versus
time. As Figure 1 shows, the data are in good agreement
with this expectation and were fit to a line using weighted
least-squares. The slopes of these lines give the observed
decay constant at each NHj pressure.

Figure 2 shows that the observed decay constants are
linearly dependent on NHj pressure, as expected for
pseudo-first-order conditions. The slope of Figure 2 is
the bimolecular rate constant: & = (1.1 £ 0.1) X 10-16 ¢cm3
molecule~! s-18 To our knowledge, this is the first
measurement of the rate constant for a transamination
reaction. The rate constant is surprisingly large consid-
ering that both Ti(NMeg)s and NH; are stable closed-
shell molecules and that the temperature is only 24 °C. It
should be noted that the use of argon or helium buffer gas
has no effect on the measured rate constant, and, therefore,
the mixing time is insignificant compared to the mea-
surement time. This is supported by calculations of the
diffusional mixing time using estimates of the diffusion
constant for Ti(NMeg)4.17

We have also determined the rate constant using ND;
and find a significant isotope effect. Under conditions
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identical to those used with NHjg, we find good kinetics
data for the removal of Ti(NMej)s, except now the rate
constant is significantly smaller. Figure 2shows the decay
constants obtained as a function of NDj pressure. The
resulting rate constant is kq = (4.5 £ 0.5) X 10-17 cm?
molecules-], or kp/kg = 2.4 £ 0.4. Thisresultissignificant
because it is a clear indication that H-atom transfer is
involved in the rate-limiting step of the reaction. This is
consistent with earlier studies that showed the reaction of
NDj; with Ti(NMes)4 gives DN(CHs)z, presumably from
cleavage of a N-D bond in ND3.67

These results are consistent with transamination re-
actions that remove the NMe; ligands in Ti(NMez)4. One
possible mechanism for this is a concerted bimolecular
reaction proceeding through a four-center transition state
as discussed previously.!® Another possibility is the
formation of a weak adduct between NHj and Ti(NMey),,
followed by H-atom transfer and elimination of HNMes:.
Similar adducts have been observed from the reaction of
TiCl, with NH3,1® but none are known for Ti(NRg)4. The
difference between these two possibilities centers on the
relative stability of the postulated adduct which should
depend on identity of R. Clearly steric interactions are
an issue,!3¢ and for R larger than Me the formation of an
adduct is more questionable. However, in both mecha-
nisms close approach of NHj to the Ti center is required,
and if this is rate limiting, a significant isotope effect would
not be expected.

Our results provide the first quantitative data on this
key gas-phase reaction in the initial stages of the CVD of
TiN. The extent of gas-phase reaction appears to have a
profound impact on the quality of the TiN produced by
this process, with too much reaction giving lower-quality
films.56 The species responsible for film growth may be
determined by the rate of the transamination reaction
measured here. To design an optimized CVD reactor for
this process, there is great interest in developing a
quantitative model that includes reaction kinetics and our
data should be valuable in this effort. Work in progress
is aimed at identifying the mechanism for this reaction
and the intermediate(s) responsible for film growth.
Temperature-dependent kinetics measurements are
planned as well as experiments with other related pre-
cursors. Finally we note that many other main-group and
transition-metal nitride materials can be formed from
analogous chemistry;P4.20 gimilar mechanisms have been
proposed, and this technique should prove useful in
understanding and modeling those systems as well.
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