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MODEL STUDIES OF LOW TEMPERATURE TITANIUM
NITRIDE THIN FILM GROWTH

LAWRENCE H. DUBOIS*
AT&T Bell Laboratories, Murray Hill, NJ 07974, U.S.A.

Abstract—The reaction of tetrakis(dimethylamido)titanium [Ti(NMe,),, tdmat] and
ammonia to yield titanium nitride (TiN) thin films and gas phase dimethylamine (HNMe,)
is discussed. Film growth is dominated by gas phase reactions which lead to the formation
of large, oligomeric clusters of the form:
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These decompose on the surface of the growing film at temperatures 2 450 K. By isotopically
labelling the ammonia with '*N or deuterium, we conclude that both the nitrogen in a clean
TiN film and the nitrogen bound hydrogen (deuterium) in the gaseous dimethylamine
product are derived exclusively from ammonia. Evidence for carbon contamination through
the intermediacy of a Ti—N—C metallocycle is provided. Our observations are compared

with the known thermal chemistry of titanium dialkylamides in solution.

INTRODUCTION

Titanium nitride (TiN) thin films are used as coat-
ings in a variety of important technologies due to
their hardness (greater than that of sapphire), cor-
rosion resistance, high melting point (~ 3200 K),
gold colour, and good electrical and thermal con-
ductivity (better than that of pure titanium).
Because of these unique properties and its excellent
adherence to most metals, semiconductors and
insulators, TiN also shows promise as a barrier
layer in ultra-large scale integrated circuits." The
deposition of pure, conformal titanium nitride thin
films on a wide variety of substrates continues to
be a challenge, however. While reactive sputter
deposition of pure titanium in a nitrogen—argon
atmosphere can be used to coat flat metallic sub-
strates,'™ conformal coverage of complex shapes
and the coating of soft or damage-sensitive
materials is still difficult.

Chemical vapour deposition (CVD) techniques
hold the promise of solving some of these problems.

*Current address: Advanced Research Projects
Agency, Arlington, VA 22203, U.S.A.

For example, the reaction of titanium tetrachloride
(TiCl,) with nitrogen and hydrogen* or with
ammonia®>® leads to the formation of high-purity
titanium nitride thin films. Although both the step
coverage and the sheet resistivity are excellent, reac-
tions must be carried out at substrate temperatures
above 850 K. This temperature can be reduced
somewhat by employing terz-butylamine as both
the reductant and the nitrogen source.'*!! Attempts
at lowering the deposition temperature further have
involved either plasma assisted processes'>" or the
use of volatile titanium subchlorides'* or alky-
lamides as the titanium source.'>"® For example, a
low temperature (450-700 K) process has been
demonstrated recently by mixing tetrakis
(dimethylamido)titanium (Ti(NMe,),, tdmat), a
volatile yellow liquid,'>*® and ammonia in the gas
phase. Similar reactivity is seen with other titanium
alkylamides including Ti(NEt,), and Ti(NMe,);-
(‘Bu).>® The deposition chemistry is complex, how-
ever, and is dominated by the formation of reactive
gas phase intermediates and/or clusters.”® Despite
these difficulties, high quality titanium nitride can
be grown from tdmat and ammonia in a low tem-
perature process. The resulting films cannot contain
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chlorine (which might cause corrosion problems)
and therefore have excellent long-term reliability.

A stoichiometric reaction between tdmat and
NH; can be written by analogy with the known
reaction of TiCl, with ammonia®:

6 Ti(NMe,),+8 NH; — 6 TiN+24 NHMe, + N,.
1

Although nitrogen is bonded directly to titanium in
the metallorganic precursor, the presence of
ammonia is crucial to the growth of pure TiN:
films grown in the absence of ammonia contain
significant amounts of carbon, even when the depo-
sition is conducted in excess hydrogen.”’” Alter-
natively, the reaction can be written as:

2 Tl(NMez)4+4NH3 -

2TiN+4NHMe,+N,+2H,. (2)
The formation of molecular nitrogen in eqs (1) and
(2) (which can account for the reduction in the
formal oxidation state of the titanium centre from
+4 in the precursor to + 3 in the product film) has
never been established. Similarly, the presence of
molecular hydrogen in eq. (2) has never been con-
firmed as a reaction product. Alternatively, homo-
lytic Ti—N bond cleavage to form alkylamido rad-
icals (i.e. - NMe, or - NH,) has been proposed to
account for the decrease in Ti oxidation state.”?

We have attempted to unravel the chemistry of
TiN thin film growth at low temperatures by explor-
ing the surface and gas phase reactions of tetra-
kis(dimethylamido)titanium with ammonia using
Fourier transform infrared spectroscopy and
molecular beam/mass spectrometry.”** Our mech-
anistic and isotopic labelling studies allow us to
predict the source of nitrogen in the growing film
as well as the mechanism of carbon contamination.
In addition, we have determined the source of the
nitrogen bound hydrogen in the dimethylamine
product.®? In order to extrapolate these results to
more “realistic”’ growth conditions, we constructed
a novel gas source which allowed us to mix the
reactants at high pressure, but carry-out film
growth in high vacuum.” Some of our findings are
summarized here and these observations are com-
pared to the known thermal chemistry of titanium
alkylamides in solution.

PYROLYSIS OF PURE TDMAT AND CARBON
INCORPORATION

Since titanium and nitrogen are bonded directly
in tdmat, one might expect the pyrolysis of this
material to lead to the formation of TiN thin films.

L. H. DUBOIS

Previous studies have shown that this is indeed the
case, however, as noted above, the films are con-
taminated with carbon”® and are sub-stoi-
chiometric in nitrogen.”® Carbon occurs in two
forms : bonded directly to titanium and bonded to
nitrogen or to other carbon atoms.”>?* In early
experiments, Sugiyama et al. suggested that
titanium alkylamides (Ti(NR,),, R = Me, Et, n-Pr,
and n-Bu) decompose through the successive elim-
ination of amide fragments to give a low valent
metal amide, followed by elimination of alkyl
groups to yield the metal nitride.”* While homolytic
Ti—N and Ti—C bond cleavage may occur for
more sterically crowded ligands (e.g. cyclic NC,Hg
and ‘Bu),”? it is unlikely that this will occur in
tdmat. Further, mass spectral analysis of the
exhaust gases runs counter to the argument of
direct bond cleavage since the major volatile prod-
ucts of tdmat pyrolysis are dimethylamine and
ammonia.”! Thus, intramolecular hydrogen atom
transfer must be occurring?”® leaving behind
elemental carbon. Other processes to remove car-
bon such as S-hydride elimination from Ti(NEt,),
or Ti(NMe,);('Bu) are probably occurring to a lim-
ited extent.”

We have probed the source of carbon in the
growth of titanium nitride thin films by following
the pyrolysis of tdmat in the gas phase using trans-
mission infrared spectroscopy (see Fig. 1)*° and
mass spectrometry.’ At temperatures below ~450
K the infrared spectrum is characteristic of the
intact precursor [Fig. 1(a); mode assignments are
discussed in refs. 25, 29, and 30]. Above ~500 K,
however, intense new bands at 1590, 1505, 1276,
900, and ~750 cm~! become visible [Fig. 1(b)].?

0.07 Torr Ti(NMez)‘

0.002

(a) 332 K

Absorbance

(b) 583 K

r/\/

500

2000 1500 1000

Frequency (cm-l)

3000 2500
Fig. 1. Gas phase infrared spectra of 0.07 Torr of tetrakis-
(dimethylamido)titanium at the indicated nozzle tem-
peratures. No significant decomposition is observed until
~450K. Tentative mode assignments are discussed in
ref. 25.
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Titanium nitride thin film growth

While a detailed analysis of the spectrum is difficult,
several of the new bands deserve comment. Most
importantly, the strong band at 1276 cm™' is clear
evidence for the formation of species that contain
Ii—N—C three-membered rings.”*!' This ring
stretching frequency is ca 200 cm™' higher than
those of normal N—C single bonds due to the pres-
ence of some partial double bond character and,
possibly some mixing in of other modes.*'

e s
A . N
Ti - T
\CH2 CH,

Such species could form via loss of dimethylamine
(characterized by N—H bending modes at ~ 1500
and ~750 cm™') from Ti(NMe,),,* leaving behind
a product that contains a Ti(NMeCH,) metal-
locycle (see below).

Although three-membered Ti—N—C rings have
not been detected directly in the thermolysis of
titanium dialkylamides in solution, they have been
observed in the chemistry of other transition metals
such as niobium, tantalum, and tungsten.”** If we
assume that similar reactions can occur with tetrakis
(dimethylamido)titanium, then we may write the
initial step in the thermolysis pathway as follows:

Ti(NMe,), = Ti(NMeCH,)(NMe,), + HNMe,.
3)

Such a structure is consistent with the IR spectrum
in Fig. 1(b). Both Fix et al.”* and Girolami and co-
workers* proposed that the decomposition of this
intermediate can lead to the formation of strong
Ti—C bonds and therefore to carbon incorporation
into the growing TiN thin film.

Attempts to detect these same species on surfaces
under ultra-high vacuum conditions proved unsuc-
cessful. While tdmat has a near unit sticking prob-
ability on aluminum, copper, and titanium disilicide
substrates at 300 K, infrared studies indicate
that the dimethylamido groups remain intact. New
C—H and C—N stretching vibrations are observed
on TiSi, substrates at temperatures between 400
and 600 K, although there is not enough evidence to
assign these bands to a metallocyclic intermediate.?
Complete dissociation of the ligand is found above
~ 650 K leaving the surface covered with titanium,
nitrogen, and significant amounts of carbon.” X-
ray photoelectron spectroscopic analysis of TiN
thin films grown from pure tdmat provides evidence
for both titanium and nitrogen bound carbon.? 2
In addition, significant amounts of carbon and
oxygen are observed at grain boundaries. %

1331
SOURCE OF NITROGEN IN TiN

There are two possible sources of nitrogen in
titanium nitride thin films grown from a mixture of
tdmat and ammonia : Ti(NMe,), and NH;. Isotopic
labelling studies involving the reaction of "NH; and
“'N-tdmat and ex situ Rutherford back-scattering
(RBS) analysis can be used to differentiate between
these two possibilities.?® An incident alpha particle
energy of 3.5 MeV is chosen to provide a clean
separation of '*N and "*N. Films grown with differ-
ent ratios of "NHj : “N-tdmat yield different levels
of carbon incorporation® and confirm the existence
of at least two reaction pathways.

When high levels of carbon contamination
(~20%) are found in a film, almost no "N is
observed indicating that an intramolecular process
[i.e. eq. (3)] is dominating the chemistry.”® As the
5N'H, : "*N-tdmat ratio is raised, the level of carbon
contamination decreases until for a film containing
12 atomic per cent of carbon, 80% of the nitrogen
is I*N. Raising the ammonia to tdmat ratio further
yields material with a ~5% level of carbon with
virtually all of the nitrogen present in the film as
N. A representative RBS spectrum of this latter
material is shown in Fig. 2.% The results of these
studies lead us to conclude that all of the nitrogen
in a clean TiN thin film is derived from the ammonia
via an intermolecular process. Residual nitrogen
from the titanium precursor can lead to carbon
impurities.

The reaction of Ti(NMe;,), with ammonia falls
into the general class of processes known as trans-
amination reactions. Early transition metal dial-

. 15 "
Ti(NMe,), + '~ NHy Ti
100 + Yy
=)
S C
5 ”N
2 O
S sof
[=3
(&)
0 . .
0 100 200 300 400 500
Channel #

Fig. 2. RBS spectrum of a film grown from tdmat and
I5’NH,. A flow rate ratio of '*"NH,: "“N-tdmat in helium
was 3:1 with a source pressure of ~55 Torr. Growth
occurred on a Si(100) wafer held at 570 K. The incident
alpha particle energy was 3.5 MeV to resolve N and
5N. Analysis of this spectrum yields 49% Ti, 38% "N,
2.5% ¥N, 5% O, and 5.5% C. The intensity of the carbon
peak is enhanced dramatically due to a resonance at this
energy (see ref. 20).
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kylamido complexes are known to undergo these
reactions with both primary and secondary
amines.”” ™ For secondary amines, transamination
reactions often result in partial ligand exchange and
in the isolation of mixed amido complexes via a
four-centre transition state :

R,N—H ]
N

TI(NMC 2) stn HNR2 - [TI—NMCZ

Ti(NMe,), (NR,),+nHNMe,, (4)

where n varies from 1 to 3. A comparable reaction
can be written for ammonia :

Ti(NMCz)4 +nNH  nd

Ti(NMez)4_,,(NH 2)n +n HNMez, (5)

although under most reaction conditions oligo-
meric products are expected (see ref. 38 and
below). If all of the dimethylamido ligands in eq.
(5) are replaced by amido groups, then further
pyrolysis of this species should lead to the formation
of clean titanium nitride films.

SOURCE OF HYDROGEN IN HNMe,

As postulated in eq. (5) and demonstrated pre-
viously,?*?"** the major gas phase product of the
reaction of tdmat and ammonia is dimethylamine.
For example, the infrared data in Fig. 3 show that
as the titanium precursor is consumed [loss of inten-
sity at 949 cm ~! (@) characteristic of the NC, sym-
metric stretch],”*° dimethylamine is formed

Ti(NMe,), + NH, @ 320 K
0.04

A—a

) /‘/A—\
0.03 \ A/ lyss em=! X4 (HNMe,)

0.02 }
A
0.01 /
3

Y 349 cm™ (Ti(NMez)‘)

0 50 100 150 200 250
Time (s)

Fig. 3. The intensity of the NC, symmetric stretch (@,
949 cm~") of the tetrakis(dimethylamido)titanium pre-
cursor is plotted as a function of time after reaction with
ammonia at 320 K. As the concentration of Ti(NMe,),
decreases, the amount of product dimethylamine (char-
acterized by the intensity of the NH bending vibration at
735 cm~', A) grows. The shapes of the curves are a
function of the mixing rate and are not characteristic of
the reaction rate (see ref. 25).

Absorbance

0.00
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[increase in intensity of the NH bend at 735 cm ™'
(A)].* There are two potential sources of the hydro-
gen bound nitrogen in this product. Hydrogen atom
transfer from an adjacent methyl group can occur
via an intramolecular process [i.e. by eq. (3)]. This
reaction has been observed in the pyrolysis of tdmat
in the absence of ammonia.?"?* Alternatively, the
ammonia molecule can serve as the source of hydro-
gen by forming an amido group via a trans-
amination reaction [i.e. by eq. (5)]. Again these two
possibilities can be sorted out using isotopic label-
ling experiments. The infrared spectra in Fig. 4
show that while the reaction of tdmat and NH,
leads to the formation of gas phase HNMe, [Fig.
4(a)}, the reaction of tdmat with ND; yields DNMe,
[Fig. 4(b)].** The modes which are most charac-
teristic of these species are the N—H (D) bends at
1485 (1245) and 735 (590) cm~'. Complete mode
assignments are discussed in ref. 40. Comple-
mentary mass spectrometry studies yield identical
results.”

The reaction between tdmat and ammonia is
extremely rapid in the gas phase, even at 300 K (see
refs. 25, 42, 43, and Fig. 3). Recent estimates using
a flow-tube reactor coupled to a Fourier transform
infrared spectrometer yield a bimolecular rate con-
stant of (1.140.1) x 107" cm*mol ~' s ' at 298 K.*?
Furthermore, despite the larger steric bulk, facile
gas phase reactions are also observed in mixtures
of tetrakis(diethylamido)titanium and ammonia (to
yield diethylamine, see, for example, Fig. 5) and
tetrakis(dimethylamido)titanium and methyl amine
(to yield primarily dimethylamine).” As expected,

(b) Ti(NMe,), + ND, ® 300 K
|
|

(a) Ti(NMe,) + NH, }

Absorbance

1500 1000 500
Frequency (cm )

2000

Fig. 4. Infrared spectra of the gas phase products of
tetrakis(dimethylamido)titanium and (a) NH; and (b)
ND,;. Analysis of these spectra yield HNMe, and DNMe,
as the two reaction products, respectively. Mode assign-
ments are discussed in the text as well as in ref. 41.
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Titanium nitride thin film growth

(a) TI(NEL,),

{b) +NH, ® 300 K

b

(c) HNE,

Absorbance

2000 1500 1000 500

-1
Frequency (cm )

Fig. 5. Gas phase infrared spectra showing that the reac-

tion of tetrakis(diethylamido)titanium (Ti(NEt,),, (a)

with ammonia (b) yields diethylamine. The vibrational

spectrum of pure HNEt, is shown in (c) for comparison.
All spectra were recorded at ~300 K.

these latter reactions are slower than the reaction
of Ti(NMe,), with NH; (refs 15, 25 and 37).
Although the N—H bond strength decreases from
110 kcal/mol™' in ammonia to 95 kcal/mol~! in
dimethylamine,* there is no reaction with dime-
thylamine as the reductant.”* This observation is
consistent with the known solution chemistry of
Ti(NMe,), toward secondary amines.”** These
observations are also consistent with the proposed
transamination reactions discussed in eqs (4) and
(5) above.*

SEARCH FOR REACTION INTERMEDIATES

The ability to deposit titanium nitride thin films
on a wide variety of substrates (including glass and
plastic)'’ at temperatures below 470 K implies that
some form of gas phase activation must be occur-
ring. Furthermore, optimum growth occurs when
the reactants are mixed at near atmospheric pres-
sure" and no growth is observed when a hot surface
is exposed to low fluxes of tdmat and NH,.?**
Based on the chemistry discussed above, the most
likely first step in the mixing process is a gas phase
transamination reaction [see eq. (5)]. Monomeric
intermediates may not be required for the growth
of TiN thin films, however, since recent studies of
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the deposition of aluminum nitride have dem-
onstrated that the active growth species is a gas
phase cluster of ~ 1 nm in size.*’ Furthermore, TiN
thin films deposited on substrates held at 470 K are
microcrystalline with grain sizes between 2 and 5
nm."* Minimal annealing should be taking place at
this temperature.

Solution phase transamination of titanium alky-
lamides with primary amines generally yield oligo-
meric products. Only one example of a partial
transamination reaction with a primary amine is
known, and that product is dimeric containing two
.38,48

bridging N'Bu groups :
2Ti(NMe,)4+2H,N'Bu —

Tiy(u—N'Bu),(NMe,),+4HNMe,. (6)
Organotitanium cluster compounds containing
bridging dimethylamido and imido groups have
also been synthesized recently by this method.”
Further, imido groups have been implicated as
intermediates in the growth of TiN from mixtures
of TiCl, and '‘Bu.'” More often, however, trans-
amination with primary amines proceeds to com-
pletion to give high molecular weight (> 1100 amu),
3-dimensional polymeric products that have not
been structurally characterized :

Ti(NM62)4 + 2 HzNR band
1/x[Ti(NR),),+4HNMe,, (7)

R = Pr or Bu. The repeat unit is thought to be of
the form®:

R R
Me N N NMe.
2 /N N 2
Ti Ti Ti
MezN / \ N/ N / NMe2
R R n

These materials can be converted to almost pure
titanium nitride by heating to ~ 1250 K in a stream
of dry ammonia.*

The decomposition of tdmat in liquid ammonia
occurs essentially instantaneously at room tem-
perature to yield a brick-red precipitate char-
acterized as a mixed amido (NH,)/bridging imido
(NH) complex.”’ The idealized stoichiometry is
Tiy(NMe,)(NH,),(N);. Vacuum pyrolysis of this
material at 410 to 430 K yields gas phase ammonia
and dimethylamine and presumably a polymeric
titanium(IV) nitrido complex with the approximate
composition Ti; N,.

Ti;(NMe,)(NH,),(N); — Ti;N,+ HNMe, + NH,.
®

HARVARD Ex. 2106, p.5
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Reduction to Ti(HI) occurs by loss of N, at <950
K

TisN, = 3TiIN+1/2N,, )
or by reaction with hydrogen®!
Ti;N,+3/2H, -» 3TiN+NH,.  (10)

The reduction of the initial polymer to titanium
nitride is quantitative, although trace carbon con-
tamination may be caused by the decomposition of
any residual dimethylamido groups.”' This latter
conclusion is consistent with the results of the °N
labelling studies discussed above.

Attempts to identify reactive intermediates in the
gas phase have proved unsuccessful to date. The
results of our molecular beam/mass spectrometry
and growth studies are consistent with the for-
mation of large, oligomeric clusters as precursors
to film growth, however.?’ For example, the mass
spectra in Fig. 6 (recorded under growth conditions)
show that when ammonia [trace (b)] is added to
pure tdmat {trace (a)), all of the peaks between ~ 90
and 240 amu decrease in intensity. Since a film is
deposited and gas phase dimethylamine is formed
(peaks characteristic of dimethylamine between 10
and 50 amu increase in intensity), gas phase reac-
tions must be taking place. The products of this
reaction are greater than 240 amu, however. Based
on precedents established in the solution chemistry
discussed above, we postulate an intermediate of
the form

H
!

AN

Ti Ti

/ /

N
| n

H

where n varies with the number of gas phase col-
lisions in the mixing region and each oligomer is
terminated by dimethylamido groups. If the
NH;: tdmat ratio is small, then n is small and the
film will be contaminated with carbon.”
Conversely, if the NH;: tdmat ratio is large, n is
large and the film stoichiometry should be essen-
tially independent of the exact gas mixture. Finally,
if the cluster size becomes too large, then powdery,
highly porous films should result. All of these pre-
dictions are born out by experiment.” Film colour,
resistivity, and microstructure are also sensitive
functions of the NH; : tdmat ratio.’” "

The relatively poor step coverage measured in

L. H. DUBOIS

(a) pure Ti(NMez)‘/He

Intensity

(b) 4:1 ND,:Ti(NMe,),/He

100 125 150
Mass

) 1

175 200 225

Fig. 6. (a) Mass spectrum of pure Ti(NMe,), at room
temperature. The carrier gas flow rate was (.2 sccm. In
(b), 3 sccm of NH; was added to the source. The loss of
peak intensity in (b) is not because of scattering inside
the mass spectrometer ionizer or to wall reactions, but is
due the formation of large oligomeric clusters (see ref.
20). The source pressure was held constant at 13 Torr in
both experiments.

a number of experiments indicates that whatever
species is formed in the gas phase, it must have a
high sticking coeflicient and low surface mobility at
the growth temperature.?®?* Indeed, the sticking
coefficient must be much greater than that of either
ammonia or dimethylamine since these latter spec-
ies are not trapped in the growing film. Finally, since
film growth slows at low substrate temperatures, the
decomposition of this intermediate must be therm-
ally activated on the surface. In addition, film prop-
erties are a sensitive function of the substrate tem-
perature. For example, film purity, colour,
resistivity, and crystallinity all improve with
increasing substrate temperature.'¢™"

The growth of TiN films from TiCl, and
ammonia is also dominated by gas phase chemis-
try.>%*3 In contrast to the reactions observed for
titanium alkylamides, however, mixing TiCl, and
ammonia at low temperatures leads to the for-
mation of stable, isolatable adducts such as
TiCl, - nNH;, n = 2-8 and salts (NH,C1).>** These
adducts decompose in a step-wise fashion in the
presence of excess ammonia forming TiCIN first
and finally TiN and HCI. This latter process only
occurs at elevated temperatures (> 700 K) with an
activation energy of ~15 kcal mol~'® Chlorine
incorporation into the growing film and salt particle
formation are drawbacks of this chemistry, how-
ever.

Evidence for species intermediate between tdmat
and TiN is provided by infrared spectroscopy.”!
Mixing these reactants at room temperature leads
to the formation of a non-volatile yellow powder

HARVARD Ex. 2106, p.6
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containing titanium, dimethylamido groups, and
amido or imido ligands with a complex stoi-
chiometry [see Fig. 7(a)].”* Modes characteristic of
both NH,, (n = 1 or 2, N—H stretch at 31003400
cm~' and N—H bend at 1594 cm~') and NMe,
(n =1 or 2, CH; stretch at 2800-3000 cm~!, CH,
deformation at 1450 cm™!, and CH, rock at 1120
cm™') species are found. The spectrum is similar to
that observed from the reaction of tdmat and liquid
ammonia.”® The observed vibrations must be
characteristic of a reaction product (as opposed to
a decomposition or thermolysis product) since there
is a significant shift in the NH stretching bands upon
deuteration of the ammonia [Fig. 7(b) vyp = 2300—
2500 cm ™", dxp ~ 910 cm™!). This product cannot
be dimethylamine since this species will not stick to
the surface at 300 K.

Residual hydrogen present in the titanium amido
and imido intermediates discussed above must

1 I £,
either desorb as molecular hydrogen [see, for exam-

ple, eq. (2)] or be incorporated into the growing
film. Recent hydrogen forward recoil scattering
measurements on TiN thin films grown from tdmat
and ammonia show that the amount of residual
hydrogen in the films can be quite large.'* For exam-
ple, films deposited at 420 K contain approximately
33 atom per cent hydrogen! This value decreases to
about 10 atom per cent as the substrate temperature
is increased to 670 K." Hydrogen is most likely
bonded at grain boundaries since the X-ray powder
pattern of these films is consistent with that of pure
TiN [15]. Hydrogen is also present in films grown
from TiCl, and ammonia.”

Ti(NMe,), @ 300 K

(a) + NH,

Absorbance

(b) + ND,

3500 2500 2000

-1
Frequency (cm )

3000

1500

1000

Fig. 7. Transmission infrared spectra of the residual yel-
low powder deposited on the windows of the gas cell after
the reaction of tetrakis(dimethylamido) titanium with (a)
NH; and (b) ND, at 325K. The isotope shift of the
NH (ND) stretching (3250 — ~ 2400 cm~') and bending
(1200 — 900 cm™") vibrations is a clear indication that
hydrogen (deuterium) is incorporated into the product
(see ref. 20).
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CONCLUSIONS

Although the mechanism of titanium nitride thin
film growth from the reaction of tetrakis
(dimethylamido)titanium and ammonia is now
well established, several questions stiii remain.
First, when the titanium atoms in tdmat are reduced
from Ti'"V to Ti'™, what are the oxidized product(s):
N,? H,? both? or some yet to be identified species?
Second, given our detailed knowledge of the rapid
transamination reaction between tdmat and
ammonia, how can this chemistry be controlled to
yield higher quality (i.e. purer, denser, lower res-
istivity) materials? While one could argue that this is
a process engineering problem and that the solution
requires the optimization of flow rates, mixing pat-
terns, and the like, it is possible that more straight-
forward solutions may be found by chemically mod-
ifying the reactants. Such studies are currently
underway in many laboratories.
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