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ABSTRACT 

The reaction of tetrakis(dimethylamido)titanium (Ti(NMe2)4) with ammonia has been studied in the gas phase and on 
t i tanium disilicide, aluminum, and copper surfaces using infrared spectroscopy. In the gas phase the main product of this 
reaction, dimethylamine, forms rapidly even at 300 K, and a fine yellow powder is deposited on the; windows of the IR cell. 
Under ultrahigh vacuum conditions there is no reaction between Ti(NMe2)4 and NH~ on any of the three surfaces studied 
at temperatures between 300 and 650 K. Heating pure Ti(NMe2)4 to temperatures >550 K in the ga',~ phase, leads to species 
that contain ~ metallacycles and N=C double bonds. The thermal decomposition of Ti(NMe2)4 on both TiSi2 and A1 
surfaces at temperatures up to 650 K yields films that contain titanium, nitrogen, and a sigrgficant amount of carbon. No 
decomposition is observed on copper; instead, molecular desorption occurs below 400 K. Our observations are compared 
with the known thermal chemistry of t i tanium dialkylamides in solution. 

As the density of transistors in integrated circuits grows 
in each succeeding generation, the reliability of each indi- 
vidual device becomes increasingly important. Of equal 
importance is the reliability of the many meters of "wire" 
connecting these devices. At present, electrical contact to 
these devices is made through a barrier layer consisting 
of sputter-deposited t i tanium and t i tanium-tungsten 
alloys. The purpose of this layer is to limit interdiffusion 
between the metal (typically aluminum/copper/silicon al- 
loys) and the silicon device while still allowing for good 
electrical (ohmic) contact. Titanium nitride (TIN) is a 
promising new material for this purpose due to its low re- 
sistivity ( -22 p~2-cm) and excellent barrier properties3 -3 
TiN has the additional advantage of adhering well to alu- 
minum, silicon, and SiQ. 

The growth of high quality t i tanium nitride thin films has 
been accomplished by a variety of techniques. The two 
most useful are reactive sputter deposition ~-3 and chemical 
vapor deposition. 4-~ The problem with manyof  these tech- 
niques is that to form a layer with good barrier properties, 
the substrate must be quite hot during the deposition pro- 
cess or the layer must be postannealed at an elevated tem- 
perature. In addition, step coverage problems continue to 
plague physical deposition techniques. Recently the 
growth of high quality [<1 atomic percent (a/o) carbon and 
oxygen] TiN thin films at low temperatures from the reac- 
tion of tetrakis(dimethylamido)titanium (Ti(NMe2)4) and 
ammonia has been demonstrated. 8n Reaction tempera- 
tures were varied from 470 to 850 K at pressures between 
0.3 and 760 Torr. 8-n The highest purity films were deposited 
at atmospheric pressure with substrates held near 470 K. 8 
[Most of the gas phase species consist of an inert buffer gas 
such as helium since the vapor pressure of (Ti(NMe2)4) at 
300 K is ~0.15 Torr.] ~2 

By analogy with the reaction of t i tanium tetrachloride 
(TIC14) and ammonia, 5 a stoichiometric reaction can be 
written 

6Ti(NMe2)4 + 8NH3 ---> 6TiN + 24NHMe2 + N 2 [1] 

Although both Ti and N appear in the metallorganic pre- 
cursor, the presence of ammonia is crucial: films grown 
from pure Ti(NMe2)4 contain significant amounts of carbon, 
even when the deposition is conducted in the presence of 
excess hydrogen. 13'~4 Moreover, the observation of molecu- 
lar nitrogen (which can account for the reduction in the 

formal oxidation state of the t i tanium center from +4 in the 
precursor to +3 in the product film) has never been estab- 
lished. To gain a better understanding of the mechanisms 
responsible for the growth of TiN thin films at low temper- 
atures, we have begun to explore both the surface and gas 
phase reactions of tetrakis(dimethylamido)titanium with 
ammonia using Fourier transform infrared spectroscopy. 
We compare our observations to the known thermal chem- 
istry of t i tanium alkylamides in solution. 

Experimental 
Surface experiments were carried out in a turbomolecu- 

lar and t i tanium sublimation pumped ultrahigh vacuum 
system (base pressure - 1  • 10 -1~ Torr) described else- 
where. 15 The chamber was equipped with a single-pass 
cylindrical mirror analyzer for Auger electron spec- 
troscopy (AES), 4-grid low-energy ,electron diffraction op- 
tics, a mass spectrometer, an ion sputtering guni and two 
differentially pumped KBr windows for the infrared ex- 
periments. IR radiation from a conventional, nitrogen- 
purged Fourier transform infrared spectrometer (Mattson 
Instruments) was incident on all so]id samples at - 85  ~ and 
the scattered, p-polarized light collected by a l iquid-nitro- 
gen-cooled narrow band MCT detector. Typically 2048 
scans from 900 to 4000 cm -1 were recorded at 4 cm -1 resolu- 
tion (total acquisition time - 8  min). 

Polycrystalline t i tanium disilicide (TiSi2) surfaces were 
chosen as the primary substrates for study due to their 
importance in making low resistance contacts to TiN. 
These substrates were prepared in a separate chamber by 
E-beam evaporation of -2200 A of t i tanium (Metron, 
99.97%) onto a clean St(100) wafer held at 300 K. The wafer 
was cleaved into 1.2 • 1.2 cm samples which, in turn, were 
mounted on a rotatable molybdenum heater stage in the 
UHV-IR system. TiSi2 was formed by first annealing the 
sample at 670 K for 1 h to form TiSi followed by heating to 
900-920 K for several hours to grow the disilicide36 Tem- 
peratures were measured using a Chromel-Alumel thermo- 
couple pressed against the surface by a titanium-covered 
tantalum tab. Samples were cleaned by repeated cycles of 
neon ion bombardment  (1 keV, 5 p~k/cm 2) at both 300 and 
900 K followed by annealing at the latter temperature for 
several minutes. Sample cleanliness was checked by AES. 
A limited number of adsorption studies were performed on 
aluminum and copper substrates since these metals are 
likely materials to be deposited on top of TiN barrier layers 
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Table I. Vibrational mode assignments for tetrakis(dimethylamido)titanium and dimethylamine. ~ 

Ti(NMe2)~ NHMe2 
Assignment b 8 L/TiSi2 ~ 8 L/AI(10O) ~ Gas phase" Neat liquid b gas phase d 

2982 
2968, sh e 2964 2959 2955, 2962 

2931 2943 2934 
2920, sh 2920 2918 2907 

CH3 stretch 2880 2871 2865 2855 
2852 2838 

2833 2823 2827 2814 
CHz sym stretch 2785 2771 2779 2768 2791 
Nit bend . . . .  1485 
CHs deform 1478 1474 1458 1440, 1450 1463 

1464 1436 1424 1413 1441 
1279 1268 1254 1249 1240 

CHs rock 1177 1163 1156 1152 1158 
1146, sh 1126 1121 1145 

NC2 asym stretch 1065 1069 1059 1057 1022 
NC2 sym stretch 989 976, 947 949 945 925,930 
NH bend . . . .  735 
TiN4 asym stretch -- -- 594 590 - -  

All frequencies in cm 1. 
b From Ref. 18. The observed frequencies are not shifted significantly in a eyclohexane solvent. TM 

From Fig. la and b. 
d From Ref. 20. 

sh = shoulder. 

in integrated circuit fabrication. AI(100) and Cu(100) single 
crystal samples were oriented, cut, polished, and cleaned 
using standard techniques. 

Gas phase experiments were carried out in a stainless 
steel cell constructed from a 2-3/4 in. metal-seal 6-way 
cross. The cell was equipped with KBr windows, a 40 liter/s 
turbomolecular pump, and a capacitance manometer  for 
pressure measurement. The precursor  was introduced into 
the IR cell through a - 6 - m m  long, 3-mm diameter stainless 
steel tube wrapped with insulated constantan wire for 
heating. Temperatures were measured with a Chromel- 
Alumel thermocouple spot welded to the end of the tube. 
The opening of the tube was positioned - 4  mm from the 
focus of the infrared spectrometer. The transmitted light 
was detected using a liquid nitrogen cooled, wide band 
MCT detector. Typically 1024 scans from 500 to 4000 cm -1 
were collected at 4 cm -1 resolution (total acquisition time 
- 4  rain). For kinetic runs, 128 scans were collected at 
16 cm -1 resolution (<30 s acquisition time). 

Volatile impurities (principally the n-hexane  solvent 
used in the synthesis of the precursor) were removed from 
the tetrakis(dimethylamido)titanium (purchased from 
Strem) by pumping on the sample at room temperature. 
Tetrakis(diethylamido)titanium was synthesized accord- 
ing to the procedure of Bradley and Thomas ~7 and again 
purified by pumping. Ammonia (anhydrous, 99.99+%), 
methyl- (98+%), dimethyl- (99+%), and trimethyl- (99%) 
amines were obtained from Aldrich and used as received. 
Gas dosing in the ultrahigh vacuum (UHV) system was per-  
formed by backfilling the chamber. Doses were uncor- 
rected for the varying sensitivity of the ion gauge to the 
different gases. 

Results 
Before describing the reactions of tetrakis(dimethyl- 

amido)titanium with ammonia, we present a summary of 
the chemistry of pure Ti(NMe2)4 both on surfaces and in the 
gas phase. 

Thermal decomposition of Ti(NMe2)4.--Surface stud- 
ies . - -Figure  l a  shows single refiection infrared spectra 
recorded after exposure of TiSi~, AI(100), and Cu(100) 
surfaces to saturation doses of tetrakis(dimethylamido)- 
t i tanium at 300 K. The IR spectrum of gas phase Ti(NMe2)4 
is shown at the bottom of Fig. l a  for comparison. The low- 
frequency portion of the spectra are displayed in Fig. lb. 
Mode assignments are summarized in Table I. AES indi- 
cates that, upon adsorption, there are significant amounts 
of carbon containing species present on the surface (note 
that this molecule is extremely electron-beam sensitive). 

Thus, the poor signal-to-noise ratios in Fig. 1 are due to the 
low oscillator strength of the precursor and not to low sur- 
face coverages. The initial sticking coefficient of the pre- 
cursor at 300 K must be near unity on all three surfaces 
since saturation occurs at 8 L on TiSi2, 4 L on AI(100), and 

o 
0'] 

(a) 0.0004 1 

2L / C u ( 1 0 0 ~ ~  

007T0=  w \ /20 
l [ l l 

3100 3000 2900 2800 2700 2600 

(b) ~176176 

0.07  TOZT 

, l 

1600 1400 

< 
, I , I , I -- 

1 2 0 0  1 0 0 0  8 0 0  6 0 0  

FREQUENCY ( c m -  1) 

Fig. 1. (a) Reflection-absorption infrared spectra in the CH stretch- 
ing region of saturation doses of tetrakis(dimethylamido)titanium ad- 
sorbed on TiSi2 (top), AI(IO0), and Cu(lO0). The vibrational spectrum 
of 0.07 Torr of Ti(NMe2)4 (bottom) is shown for comparison. All spec- 
tra were recorded at 300 K at 4 cm -1 resolution; (b) low-frequency 
modes. Mode assignments are discussed in Table I. 
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2 L on Cu(100). The vibrat ional  spectra (both the relative 
peak intensities and the peak frequencies) are independent  
of gas dose (and hence independent  of surface coverage). 
The presence of both CH and CN modes in all of the vibra-  
t ional spectra and the s imilar i ty  of these spectra to that  of 
pure Ti(NMe2)418.19 show that  the dimethylamido groups 
remain essentially intact  when the precursor is adsorbed on 
these surfaces at room temperature.  

To probe the react ivi ty of Ti(NMe2)4, clean TiSi2 surfaces 
were exposed to 8 L (saturation dose) of Ti(NMe2)4 at 300 K 
and the vibrat ional  spectra recorded as the surface temper-  
ature was raised (Fig. 2). Significant changes in the spectra 
a r e  seen at  ~400 K: the intensity of the CH~ symmetric 
stretch at 2785 cm -1 decreases and a new peak at ca. 2850 
cm -1 grows in. Above 400 K, the intensities of all the re- 
maining peaks decrease slowly. We have shown in a sepa- 
rate experiment that  dimethylamine, the expected product  
of this decomposition reaction, does not stick to a clean 
TiSi2 surface at 300 K. No peaks characterist ic of this spe- 
cies were 'observed (Table I). Although a detai led assign- 
ment of the peaks in Fig. 2 is not possible at present, based 
on our AES studies, the molecule is decomposing on the 
surface. 

In Fig. 3 we show Auger spectra of (a) the nominally 
clean TiSi2 surface (the presence of trace carbon and oxy- 
gen impurit ies is seen at 272 and 510 eV, respectively), and 
(b) the same surface after exposure to 8 L of Ti(NMe2)4 at 
300 K followed by ramping the surface temperature  to 
500 K. After  dosing, the relative intensities of both the car-  
bon (272 eV) 'and the nitrogen peaks (~380 eV) increase 
while that  of the Si peak (92 eV) decreases. [The absolute 
ratio of Ti to N (or C) is difficult to determine due to overlap 
of the t i tanium (387 eV) and nitrogen (~380 eV) peaks. The 
ratio of the peaks at 387 eV (Ti + N) to 418 eV (Ti) in an 
authentic sap~ple of TiN recorded under the same condi- 
tions is 2.76. This rat io is significantly greater than the ratio 
of ~1.2 measured here for films prepared on TiSi2 sub- 
strates.] 2~ The suYface is being covered with a layer con- 
taining ti tanium, nitrogen, and carbon. Similar  behavior is 
observed when comparable experiments are performed on 
Al(100). The growth of thick carbon-contaminated t i ta-  
nium ni tr ide films also has been seen from the decomposi- 
tion of Ti(NMe2)4 on a variety of surfaces at  temperatures  
between 570 and 850 K. 13,~4'22 

In contrast,  when a Cu(100) surface is exposed to 
Ti(NMe2)4 at 300 K and subsequently flashed to 400 K, AES 
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Fig. 2. The top trace shows the infrared spectra of an 8 L (saturation 
dose) of tetrakis(dimethylamido)titanium adsorbed an a TiSi2 sub- 
strate at 300 K. The temperature was raised in 50 K steps and the 
succeeding spectra were recorded. Significant decomposition is ob- 
served at temperatures above 400 K (see text). 
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Fig. 3. Auger electron spectra of a nominally clean TiSi2 substrate 
(upper trace) and after exposure to 8 L of Ti(NMe2h at 300 K and 
subsequent flashing to 500 K. The decomposition of the precursor is 
not clean and significant amounts of carbon are left on the surface. 
identical Auger spectra are recorded even if the adsorbote is exposed 
to several hundred Langmuirs of NH3 at temperatures between 300 
and 500 K. 

indicates that  a clean copper substrate  is regenerated. 
Since an analysis of the IR data (Fig. 1, Table I) shows that  
no decomposition is taking place, we conclude that  desorp- 
tion from Cu(100) surfaces is molecular. 

Gas phase s tud ie s . - -When  0.07 Tort  of pure tetrakis(di-  
methylamido)t i tanium is heated in the gas phase, a new 
species forms as shown by the series of infrared spectra in 
Fig. 4. Lit t le change in the transmission infrared spectrum 
is seen until  the nozzle is heated above -450  K: at this 
temperature,  intense new bands at 1590, 1505, 1276, and 
-900  cm -~ become visible. Due to the complexity of these 
spectra a detai led mode analysis is difficult, al though ten- 
tative assignments are summarized in Table II. Several of 
the new IR bands are worthy of comment. Most impor-  
tantly,  the strong band at 1276 cm -1 is clear evidence for the 
formation of species that  contain Ti.-N-C three-membered 
rings. Such species could form via loss of dimethylamine 
fro m Ti~NMe2)4, leaving behind a product  that  contains a 
3?i(NMeCH2) metallacycle. 

The thermolysis of the related tantalum complex 
Ta(NMe2)5 reportedly gives such a metallacycle (see below); 
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Fig. 4. Gas phase infrared spectra of 0.07 Torr af tetrakis(dimethyl- 
amido)titanium at the indicated nozzle temperatures. No significant 
decomEasition is abse~,ed until ~450 K. Tentative mode assign- 
ments tar the lower trace are summarized in Table II. 

the infrared spectrum of this thermolysis product con- 
tained an intense absorption at 1235 cm ~1 which was as- 
signed to the stretching vibration of the ring N ~ C  bond. 23 
This ring stretching frequency is ca. 200 cm -~ higher than 
those of normal N ~ C  single bonds due to the presence of 
some partial  double bond character and, possibly, some 
mixing in of other modes. 

/N ,'cH3 N,.CH3 

M~ H2 CH2 

If these effects are more pronounced for metallacycles of 
t i tanium vs. tantalum, then the different frequencies of the 
N - - C  stretching mode in the two thermolysis products can 
be explained. An alternative assignment for the strong 
1276 cm -1 band  to a CH3 rocking mode seems less likely 
because such modes typically occur near 1150 cm -1 with 
only weaker bands appearing at higher frequencies. 

Also noteworthy in the spectra of Fig. 4 is the absorption 
at 1590 cin -1 observed when Ti(NMe2)~ is heated to 583 K. 
This band  may be assigned to species that contain N=C 

Table II. Tentative mode assignments for Ti{NMez)4 
heated to 583 K in the gas phase. ~ 

Assignment Observed frequencies ~ 

2957 
2926 

CH stre tch 2893 
2858 
2816 
2771 

N~-C s t re tch  1590 
NH bend  1505, 1490 
CH3 deformat ion  1457, 1416 
Ti -N-C s t re tch  1276 
CH~ rock 1173 

1130, 1117 
NC2 asym s t re tch  1040' 

961 
NC2 sym s t re tch  917,899 

836, 809 
NH bend  785,756 

All frequencies in cm -1. 
b Data from Fig. 4, bottom trace. 
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Fig. 5. Reflection-absorption infrared spectra of an 8 L (saturation 
dose) of tetrakis(dimethylamido)titanium adsorbed on a l"iSi2 sub- 
strate at 300 K both before and after reaction with 20 L of ammonia. 
Similar sets of spectra were recorded after raising the substrate tem- 
perature to 500 K and again exposing the precursor to 20 L of NH3; 
(a) the CH stretching vibrations, (b) the law-frequency vibrational 
modes. 

double bonds. Interestingly, the formation of N=C double 
bonds by the thermolysis of transit ion metal dialkylamides 
is not observed generally, although such species would be 
similar to the metallacycles t ha t  are known to form. Fi- 
nally, weak N - - H  bending modes at ca. 1500 cm -~ may be 
evidence for the formation of small amounts of dimethyl 
amine. 

Reactions of Ti(NMez)~ with ammonia.--Surfaces stud- 
ies . - -When a clean polycrystalline t i tanium disilicide sur- 
face is exposed to ammonia at temperatures between 300 
and 500 K, no reaction is observed under our experimental 
conditions. Similarly, if the same surface is saturated with 
a layer of Ti(NMe2)4 and then exposed to NH3 at tempera- 
tures between 300 and 600 K, no reaction is seen (see Fig. 5 
for representative infrared spectra recorded at 300 and 
500 K). This lack of reactivity between Ti(NMe2)4 and NH~ 
on surfaces is in sharp contrast to what is observed in the 
gasphase. 

Gas phase studies.--  Tetrakis( dimethylamido )titanium and 
ammonia react rapidly in the gas phase as shown by the 
series of infrared spectra in Fig. 6. In this experiment, the 
gas cell was first charged with 0.095 Torr of Ti(NMe2)4 at 
300 K, then 730 Torr of a 0.2% mixture of ammonia in 
nitrogen was added (NH~:Ti(NMe2)4 ratio of --1.5:1). As the 
reaction proceeds over the course of several minutes, the 
only product observed is dimethylamine (for reference, the 
infrared spectrum of pure dimethylamine is shown at the 
bottom). No partial  decomposition species or adducts con- 
taining both t i tanium and ammonia were detected. Similar 
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Fig. 6. Gas phase infrared spectra recorded both before and after 
reacting 0.095 Torr of Ti(NMe2h with 730 Torr of a 0.2% mixture of 
NH~ in N2. The reaction took place at 320 K and the only product 
detected was dimethylamine (spectrum shown at bettom). The rate of 
the reaction was controlled by the rate of mixing. The spectral reso- 
lution was 16 cm ~. 
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Fig. 7. (a) The intensily of the NC2 symmetric stretch (949 cm q) of 
the tetrakis(dimethylamido)titanium precursor is plotted as a function 
of time both before and after reaction with ammonia (IlL methyl- 
amine (A), and dlmethylamine (@) in the gas cell. As the concentra- 
tion of Ti(NMe2h decreases in the reaction with NH3, the amount of 

roduct dimethylamine (characterized by the intensily of the NH 
nding vibration at 735 cm q, (n) grows; (b) the total pressure in the 

cell as a function of time. All reactions were carried out at 320 K. 

results are obtained if pure ammonia is used, or ff the tita- 
nium precursor is first diluted in nitrogen. [Similar results 
were obtained also from the reaction of tetrakis(diethyl- 
amido)titanium with ammonia. In this case the only gas 
phase product found by IR was diethylamine.] The reaction 
between tetrakis(dimethylamido)titanium and deuterated 
ammonia yields predominantly monodeuterated dimethyl- 
amine (NDMeJ. Some protonated amine is formed, we be- 
lieve, due to wall reactions (see below). 

A more detailed view of the kinetics of the reaction of 
Ti(NMe2h and NH3 is shown by the data in Fig. 7a. Here the 
intensity of the NC2 symmetric stretch (949 cm-~(")), a mode 
characteristic of the precursor, is plotted as a function of 
time both before and after admitting NH3 to the system. 
Before the addition of ammonia (t < 0), the amount of te- 
trakis(dimethylamido)titanium decreases slowly due to 
wail reactions. Consistent with this, we observe a slow in- 
crease in the system total pressure (Fig. 7b) and the growth 
of a weak band at 735 cm -~ (NH bend, open squares) char- 
acteristic of dimethylamine (Table I). The increase in the 
system pressure indicates that several product NHMe2 
molecules are produced for each t i tanium precursor con- 
sumed. 

After the ammonia is added to the system (t = 0), the 
intensity of the NC2 stretch of the precursor decreases 
rapidly while the intensity of the NH bend of the dimethyl- 
amine product grows. By varying the flow of the two reac- 
tants into the IR cell, we conclude that the rate of this 
reaction is controlled by the speed at which the two reac- 
tants mix. Thus the intensity decay curve in Fig. 7a is not 
characteristic of the kinetics of this reaction. The reaction 
can be slowed down substantially, however, by reacting the 
tetrakis(dimethylamido)titanium with methylamine (A). 
In this case, the gas phase product also is predominantly 
dimethylamine. Under our experimental conditions, there 
is.no reaction between the precursor and dimethylamine 
(@), trimethylamine, or hydrogen (not shown). [In solution 
(where the reagent flux is extremely high) the reaction of 
Ti(N(CD3)J4 with HNMe2 occurs in approximately 2 h at 
298 K.] 24'25 

If the reaction of Ti(NMe2)4 and NH3 is allowed to pro- 
ceed in a flow mode for ca. 20 rain, then a fine yellow pow- 
der is deposited on the KBr windows of the IR celt. The 

infrared spectrum of this species is shown in the upper 
trace of Fig. 8. We believe this yellow powder is a non- 
volatile oligomer that contains titanium, dimethylamido 
groups, and amido (NHJ or imido (NH) ligands. Modes 
characteristic of both NHn (n = i, or 2, NH stretch at 3100- 
3400 cm -I and NH bend at 1594 cm -I) and NiVien (n = 1 or 2, 
CH3 stretch at 2800-3000 cm -I, CH3 deformation at 1450 
cm -I, and CH3 rock at 1120 cm -I) groups are found. 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 stretch- 
ing bands upon deuteration of the ammonia (Fig. 8, lower 
trace V~D = 2300-2500 cm -I, ~D ~ 910 cm-1). 

D i s c u s s i o n  

Sur face  r e a c t i o n s . - - A t  300 K the dimethylamido groups 
from adsorbed Ti(NMe2)4 remain intact on all three sub- 
strates (TiSi2, AI, Cu) as shown by the similarity of the 

(a) 

i (b) 

3500 3000 2500 2000 1500 1000 

FR~qUEZ~Cr (cm -1)  

Fig. 8. Transmission infrared spectra of the residual yellow powder 
deposited on the windows of the gas cell after the reaction of tetra- 
kis(dimethylamido)titanium with (a) NH3, and (b) ND3, at 325 K. The 
isotope shift of the NH (ND) stretching (3250 ~ -2400  cm -1) and 
bending (1200 -*  900 cm q) vibrations is a clear indication that 
hydrogen (deuterium) is incorporated into the product. 
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vibrat ional  spectra with that  of the parent  compound 
(Fig. 1, Table I). There appears  to be no dependence of the 
vibrat ional  spectra on coverage, which indicates that  ad-  
sorbate-adsorbate  interactions are weak on all three sub- 
strates. Moreover, migrat ion of the l igands away from the 
central  t i tanium atom is unlikely on copper since a clean 
Cu(100) surface is regenerated when the crystal  is flashed 
to 400 K. 

In contrast,  thermal  decomposition of Ti(NMe2)~ does oc- 
cur on both TiSi~ and aluminum surfaces. At temperatures  
between 300 and 600 K indicat ing that  the adsorbate  does 
not dissociate completely to carbon, nitrogen, and hydro-  
gen adatoms since CH and CN stretching vibrat ions are 
still  approved.  Above 650 K, however, these vibrat ions dis- 
appear  and thermal  decomposit ion of adsorbed tetrakis(di-  
methylamido)t i tanium must be complete. As expected, de- 
composition does not yield clean t i tanium nitride: carbon 
contaminat ion is seen by AES on both TiSi2 and aluminum 
substrates.  This observation is consistent with the results 
of several previous studies which showed that  clean TiN 
thin films could be grown only from Ti(NMe2)4 in the pres-  
ence of excess ammonia?  -n'~3'~4'22 An understanding of the 
solution chemistry of t i tanium dialkylamides providew a 
clear explanat ion for this behavior  (see below). 

Under  UHV conditions there is no surface reaction be-  
tween adsorbed te t rakis(dimethylamido)t i tanium and am- 
monia, irrespective of which molecule is adsorbed first. In 
contrast, in the gas phase the dimethylamido groups of the 
tetrahedrally coordinated precursor are sufficient to pro- 
tect the central titanium atom from reaction with ammo- 
nia. Evidently, the structure of the molecule is distorted or 
the thermal  motion of the l igands is suppressed by the pres-  
ence of the surface such that  a t tack by ammonia is no 
longer a facile process. 

One might  expect  that  at elevated surface temperatures,  
where the t i tanium precursor  is par t ly  decomposed (Fig. 2), 
exposure to ammonia would lead to at least  some reaction 
(Fig. 5). Evidently at 300 K, such a react ion is prevented by 
the inabi l i ty  of ammonia to dissociate on either t i tanium 
disilicide or aluminum. At  elevated temperatures  the disso- 
ciation of ammonia may be prevented by  the surface car :  
bon that  is generated during decomposition of the 
Ti(NM%)4 precursor.  The flux of both ammonia and 
Ti(NMe2)4 to the surface under our react ion conditions is 
exceedingly low and this may account, in part ,  for the low 
react ivi ty observed in UHV. This low react ivi ty is in sharp 
contrast  to what  is observed at elevated pressures in the gas 
phase. 

Gas phase reactions.--As noted above, the growth of 
clean t i tanium nitr ide thin films from the reaction of 
Ti(NMe2)4 and NH3 has been observed only at elevated 
pressures. ~2 This implies that  gas phase reactions may be as 
important  as they are in the react ion of TIC14 and ammo- 
nia. TM Our infrared studies show that  the reaction of te- 
t rakis(dimethylamido)t i tanium and ammonia proceeds 
rapidly  in the gas phase, even at 300 K. Dimethylamine is 
the only infrared active product  observed in the gas phase, 
and a fine yellow powder  is deposited on the windows of the 
IR cell. 

Despite the larger  steric bulk,  facile gas phase reactions 
are.observed in mixtures of te t rakis(diethylamido)t i tanium 
and ammonia (to yield diethylamine) and tetrakis(di-  
methylamido)t i tanium and methyl  amine (to yield p r imar -  
ily dimethylamine).  As expected, these la t ter  reactions are 
sloWer than the react ion of Ti(NMe2)4 with NH3 (Fig. 7a, 
Ref. 8, 17). Although the N - - H  bond strength decreases 
from 110 keal /mol  in ammonia to 95 kcal /mol in dimethyl-  
amine, ~7 the reaction effectively shuts down, an observa- 
t ion consistent with the known solution chemistry of 
Ti(NMe2)4 toward  secondary amines. ~4,2~,z5 [In solution 
(where the reagent  flux is extremely high), the reaction of 
Ti(N(CD3)2)4 with HNMe2 occurs is approximate ly  2 h at 
298 K.] 

In no case was there any spectroscopic evidence for the 
formation of adducts  between Ti(NMe~)4 and either NH~ or 
H2NMe. Analysis of the yellow powder  deposited on the cell 

walls may provide some insight into the mechanism of the 
reaction of Ti(NMe2)4 with NH3. Although this species is a 
nonvolati le oligomer, it  does contain the type of functional  
groups expected to play a key role in the decomposition 
chemistry of t i tanium dialkylamides (see below). 

In the absence of ammonia, metallacyclic intermediates 
can be formed by heating pure tetrakis(dimethylamido)-  
t i tanium in the gas phase (Fig. 4), but  this species does not 
lead to the formation of clean TiN films. Based on the pres- 
ence of a characterist ic  N - - C  stretching mode at 1276 cm -1, 
we believe that  this metallacycle contains a Ti(NMeCH2) 
three-membered ring. Fur ther  information about potent ial  
react ion intermediates can be gained through an under-  
standing of the chemistry of t i tanium alkylamides in solu- 
tion. 

Chemistry of dialkylamido complexes.--Thermochem- 
istry.--The thermolysis of te trakis(dimethylamido)t i -  
tanium has not been investigated previously. A variety of 
related complexes of stoichiometry Ti(NEt2)3R, where R is 
an alkyl group such as methyl, ethyl, etc., have been stud- 
ied, however. 2~ Heat ing bulk samples of these compounds 
to ca. 420 K results in the l iberat ion of one equivalent of the 
alkane (RH). The hydrogen atom source was shown to be 
the diethylamido groups on the basis of a deuterium label-  
ing study. Although the t i tanium-containing produci  of 
this react ion was not  characterized,  the results suggest tha t  
a 3-membered metaiIacycle should be formed 

Ti(NEt2)3R --> Ti(NEtCHCH3)(NEt2)~ + RH [2] 

Although these three-membered Ti-N-C rings have not 
been detected directly in the thermolysis of t i tanium di- 
alkylamides,  they have been observed in the chemistry of 
other t ransi t ion metals such as niobium, tantalum, and 
tungstenY ,29 

If we assume that  these reactivi ty pat terns  are also char-  
acteristic of tetrakis(dimethylamido)t i tanium, then we 
may write the init ial  step in the thermolysis pa thway as 
follows 

Ti(NMe2)4 --~ 3?i(NMeCH2)(NMe2)2 + HNMe2 [3] 

Such a structure is consistent with the IR spectrum ob- 
ta ined upon thermolysis of Ti(NMe2)~ in the gas phase 
(Fig. 2). It has been proposed previously 3~ that  the forma- 
tion of t i tanium-carbon bonds via Eq. 3 can explain how 
carbon contaminants  become incorporated into "TIN" 
films grown from Ti(NMe2)4 in the absence of ammonia. In 
the present context, this reaction accounts for the presence 
of carbon left on both the TiSi2 and aluminum substrates 
after the heating experiments.  

Transamination reactions.--The reaction of Ti(NMe~)4 
with ammonia falls into the general class of processes 
known as t ransaminat ion reactions. Early transi t ion metal  
dia lkylamido complexes are well known to undergo these 
reactions with both secondary (HNR2) and pr imary  (H2NR) 
amines. ~7'3~'32 For secondary amines, t ransaminat ion reac- 
tions often result  in par t ia l  l igand exchange and in the 
isolation of mixed amido complexes 

[R2N--H ] 
Ti(NMe2)4 + nHNR~ --> [ Ti--NMe2J 

--~ Ti(NMe2)4_~(NR2)~ + nHNMe2 [4] 

where n varies from 1 to 3. One example of a par t ia l  
t ransaminat ion reaction with a pr imary  amine is known, 
and that  product  is dimeric containing two bridging NBu t 
groups 31 

2Ti(NMe2)4 + 2H2NBu t ---> Ti2(~t-NBut)2(NMe2)~ + 4HNMe2 
[5] 

Organoti tanium cluster compounds containing br idging 
dimethylamido and imido groups also have been synthe- 
sized recently by this methodY Further ,  imido groups have 
been implicated as intermediates  in the growth of TiN from 
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mixtures of TIC14 and tert-butytamine. "~4 More often, how- 
ever, t ransaminat ion with pr imary  amines proceeds to 
completion to give polymeric products that  have not been 
s tructural ly characterized 31 

Ti(NMe2)4 + 2H2NR ---) 1Ix [Ti(NR)2]= + 4HNMe2 [6] 

Similar  reactions involving zirconium analogues have 
resulted in products formulated as [Zr(NHR)4]= and 
[Zr(NR)(NHR)2]x, but  again these species have not been 
s tructural ly characterized. 32 Monomeric intermediates 
may not be required for the growth of TiN thin films since 
recent studies of the deposition of a luminum nitr ide have 
demonstrated that  the active growth species is a gas phase 
cluster of - 1  nm in size. ~5 

Lit t le information is available about the chemical pa th-  
way by  which early t ransi t ion metal  dialkylamide com- 
plexes react with ammonia. One study claims that  the zir-  
conium complex Zr(NEt2)4 reacts with ammonia to give 
[Zr(NH2)4]~, which quickly condenses to [Zr(NH)(NH2)2]x 
and finally to [Zr(NH)2]x after  24 h at 330 K. 32 Although 
li t t le evidence is offered in support  of these formulations, 
such a sequence is reasonable and is consistent with the 
bet ter  established react ivi ty pat terns  shown by transit ion 
metal  dialkylamides toward both pr imary and secondary 
amines. 

The fine yellow powder  formed from the reaction of 
Ti(NMe2)4 with ammonia in our gas cell must  be related 
chemically to some of the t ransaminat ion products  dis- 
cussed above. Specifically, a polymeric, mixed amido com- 
plex of stoichiometry Ti(NMe2)4_~(NH2), may best describe 
the chemical composition of this material.  Alternatively,  
the powder  may contain imido groups. Both possibili t ies 
are consistent with the IR spectra shown in Fig. 8. Fur ther  
character izat ion studies of this material ,  which is the first 
isolated chemical intermediate  in the growth of TiN from 
ammonia and a t i tanium dialkylamide complex, are pre-  
sented elsewhere. 

Conclusions 
The growth of titanium nitride thin films from a mixture 

of Ti(NMe2)4 and NH~ is unusual in that gas phase reactions 
may be as important as the surface chemistry. Specifically, 
the surface reactions responsible for the growth of TiN 
films involve intermediates that are formed by the gas 
phase reactions of Ti(NMe2)4 with ammonia. The presence 
of these reactive intermediates may obviate the surface nu- 
cleation problem and allow TiN films to be deposited on a 
wide variety of substrates. In addition, the removal of car- 
bon containing fragments in the gas phase may inhibit 
metallacycle formation and lead to cleaner film growth. 
More attention must be paid to the process parameters (i.e., 
flow rate, mixing ratio, temperature, etc.) to obtain opti- 
mum film properties, however. Thus, the details of how the 
reactants are mixed in the gas phase is critical to the 
growth of high quality films. The use of an inert buffer gas 
(typically helium) may play a crucial role in promoting the 
formation of gas phase intermediates. 

Our study has advanced understand}ng the reaction 
mechanism by showing that the gas phase thermolysis of 
Ti(NMe2)4 in the absence of ammonia leads to the formation 
of species containing Ti-N~ - three-membered rings and 
N----C double bonds. The presence of ammonia completely 
changes the chemistry taking place and leads instead to a 
rapid transamination reaction. The products are dimethyl- 
amine and a titanium compound containing NH or NH~ 
groups (or both). More work is needed to further character- 
ize this gas phase intermediate. 
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