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ABSTRACT 

Decomposition reaction of dialkylamides of boron, silicon, tin, titanium, 
zirconium, niobium, and tantalum was investigated. The amides of transition 
metals decomposed to the corresponding nitrides at 300~176 whereas those 
of boron, silicon, and tin yielded elemental deposits at higher temperatures. 
In the deposition of titanium nitride from titanium tetrakis(dimethylamide), 
two optimum temperatures at 400 ~ and at 800~ in nitrogen or hydrogen at- 
mosphere were found, but in argon only low temperature deposition was 
possible. The low and high temperature processes are discussed in relation 
to mass spectral analysis of the exhaust gases formed at various decomposition 
temperatures  of t i t an ium amide. 

Metal nitrides are well known to have outstanding 
physical and chemical properties and have been pre-  
pared by the reactions of metal  halides or hydrides 
with ni t rogen + hydrogen or ammonia,  or of metals 
with ni t rogen (1). These reactions usual ly  require tem- 
peratures higher than 1000~ which have l imited the 
application of the nitrides as the useful coatings on 
m a n y  materials. Therefore, their  preparat ion at lower 
temperature,  where deformation of substrate materials  
can be avoided, should be important.  

Recently, the use of organometall ic compounds as  
the s tar t ing materials for the vapor deposition of some 
inorganic compounds such as oxides has been reported 
(2). Dialkylamides of metals are of part icular  interest  
with respect to the fact that they have direct metal -  
ni t rogen ~-bonds, and controlled thermal  decomposi- 
t ion of these organometallics could result  in the dep- 
osition of the corresponding nitrides at temperatures  
much lower than the conventional  preparat ion tech- 
niques ment ioned above. With this in mind, the ther-  
mal decomposition of dialkylamides of various metals 
is investigated, and a detailed examinat ion of the de- 
composition products including organic compounds was 
performed using t i t an ium te t rakis(dimethylamide)  as 
a representat ive compound. 

Experimental  
Materials--Metal dialkylamides used in this s tudy 

were prepared according to the modified method of 
l i terature  (3) from l i th ium dialkylamides and the 
corresponding metal  chlorides and were supplied to be 
used for the decomposition reaction after identification 
with infrared, NMR, and mass spectra (4). Silicon 
te t rakis (d imethylamide)  was found to include about 
75% of chlorot r i s (d imethylamino)s i lane  but  was used 
without  fur ther  isolation. Argon, hydrogen, and n i -  
trogen were refined by passing over t i t an ium sponge 
heated at ca. 800~ and phosphorus pentoxide, suc- 
cessively. Hel ium and other Guaranteed Grade rea- 
gents were used without  fur ther  purification. 

Decomposition reaction of the amides--An apparatus 
used for the decomposition reactions is shown in  Fig. 
1. An amide saturated in a carrier gas (argon, hydro-  
gen, or ni trogen) at a suitable temperature,  where it 
is thermal ly  stable (in most cases below 100~ except 
for silicon amide; 140~ was introduced onto a 
substrate [about 10 • 10 ram2: quartz, graphite, 
stainless steel (Ni 18, Cr 8), or copper plate] which 
was mounted  on a SiC heater in a reaction tube 
(quartz; inside diameter  25 ram).  The reactor was 
cooled by water flow from the outside in order to 
avoid the deposition on its inside surface. Tempera ture  
of the substrate was measured by an Alumel-Chromel  

K e y  words ;  me ta l -d i a lky lamides ,  n i t r ides ,  t h e r m a l  decomposi t ion .  

thermocouple (uncorrected) and was regulated using 
a regulator  (Chino Electric Company, Model E-500). 
After  the decomposition reaction, the furnace w a s  
cooled in an atmosphere of flowing carrier gas to room 
temperature.  Most substrates were used after polishing 
with an emery paper. The surface of the copper plate 
was cleaned by heating in air and subsequent  steeping 
in  methanol.  The films on the substrate were examined 
in situ on the substrate by x - r ay  diffraction (Rigaku 
Electric Company, Type 2040), scanning electron mi-  
croscopy (JEOL, Model U3), and par t ly  by x - r ay  mi-  
croprobe analysis (JEOL, Model JAX-5 CHD). 

Analysis of the exhaust gas--The exhaust gas formed 
in the decomposition of an amide was analyzed by g a s  
chromatography (F.I.D.; Apiezon L column, 1.0m; 
20~ and by bubbl ing  through a benzene solut ion 
of naphthyl isocyanate  which reacts to form urea de- 
r ivatives of the corresponding amines. Detailed anaIy-  
sis was performed by a mass spectrometry. Hel ium 
gas, which was used because it does n o t  interfere 
with detection of fragments  with low molecular  
weights, was saturated with the vapor of t i t an ium 
te t rakis (d imethylamide)  or the silicon analogue and 
was passed through a quartz furnace (inside diameter  
15 mm) heated from the outside at a given tempera-  
ture. The gas formed was first collected in  a g a s  
reservoir, before it was introduced into the spectrom- 
eter (JEOL, JMS-01SG). 

Evaluation of quantity of vapor transported of ti- 
tanium tetrakis(dimethylamide).--Titanium amide is 
so sensitive to moisture and oxygen that it is difficult 
for us to determine the quant i ty  transported by a 

Gas i n l e t  (lO) (8) (9) Gas i n l e t  
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(1) (3) \ / (5) 

<4) $ 

Gas outlet 

Fig. 1. Schematic diagram of the apparatus used for the decom- 
position of amides. 1, Substrate; 2, SiC heater; 3, carbon powder; 
4, graphite; 5, iron rod; 6, a-c thermocouple; 7, amide saturator; 
8, flow meter; 9, titanium sponge; 10, Nichrome heater. 
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carr ier  gas. However, this compound has been re-  
ported to react with carbon disulfide giving the stable 
complex, t i t an ium tetrakis (N,N-dimethyldi thiocarba-  
mate) (5). Thus, by  bubbl ing  the carrier gas (nitrogen) 
saturated with the t i tan ium amide at 90~ into a 
benzene solution of carbon disulfide and collecting 
the red precipitates by filtration, the quant i ty  of the 
amide transported was calculated from the weight of 
the precipitates as 0.032 m g / m l  (N2). 

Results 
Decomposition products.--When the vapor of t i ta-  

n ium tetrakis (dimethylamide)  saturated in  ni t rogen gas 
was introduced onto a quartz substrate which was 
heated at 400~ it decomposed resul t ing in brownish 
coatings. Their  x - r ay  diffraction showed broad peaks, 
which are fully consistent with those of t i t an ium ni-  
tride as shown in Fig. 2. The peaks became more 
pronounced when annealed  in argon atmosphere at 
800~ for 10 min. The high tempera ture  decompo- 
sition products were yellow-colored and had sharper 
x - ray  diffraction peaks (see Fig. 2). The low and 
high temperature  products were iner t  to hydrochloric 
acid and sulfuric acid but  were etched par t ly  by nitr ic 
acid and soluble in  aqua regia, being consistent with 
the chemical properties of t i t an ium nitride. The x - ray  
microprobe analysis of the product obtained at 400~ 
shown in  Fig. 3 suggests a homogeneous nitr ide which 
contains a small  quant i ty  of carbon, par t icular ly  in  
the grain boundaries.  The lowest formation tempera-  
ture  was about 250~ 

The decomposition reaction was evident  in hydrogen 
as well as in nitrogen. On the other hand, in argon 
atmosphere the nitr ide deposition was observed analo-  
gously at lower temperature  reaction (about 400~ 
but  was very  poor at temperatures  higher than  700~ 

The decomposition reaction of other amides was 
investigated in a similar manner ,  and the products 
are listed in Table I, together with their lowest forma- 
t ion temperatures.  The amides of t ransi t ion metals 
such as t i tanium, zirconium, and niobium gave the 
corresponding nitrides. Their x - ray  diffraction pat terns 
are reproduced in  Fig. 2. Tan ta lum amide gave the 
grayish deposits which had x - ray  diffraction peaks 
Cu-Ka 2# = 36.2 ~ , 41.9 ~ and 61.0 ~ (relative in -  
tensi ty 100:70:30) which were not consistent with 
available data of t an ta lum compounds. Therefore, we 
could not identify the products. 

On the other hand, amides of boron and t in did 
not yield a ni t r ide at any tempera ture  in the range 
300~176 but  gave the elements themselves. 
Boron was obtained above 700~ in  the brown films 
and was identified by x - ray  diffraction and the easy 
dissolution in nitric acid. Tin was formed at 300 ~ 
1000~ as gray coatings, which were clearly iden-  
tified by the x - r ay  diffraction analysis (30.2 ~ 31.6 ~ 
43.5 r , and 44.5~ In  the decomposition of silicon 
amide which was found to consist of both silicon 
tetrakis (dimethylamide)  and monochloride (near ly  1: 3, 
see exper imental  section), white powder and homo- 
geneous yellowish or brownish coating w e r e  obtained 
at 800~ below which no depositions occurred. The 
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Fig. 3. X-ray microprobe analysis of the deposits obtained from 
Ti(NMe~)4 on quartz at 400~ in nitrogen. 

former was identified as ammonium chloride by  inf ra-  
red spectrum and x- ray  diffraction. The lat ter  adhered 
t ightly on the quartz substrate and exhibited no x - ray  
diffraction peaks, indicating an amorphous material.  
Its infrared spectrum showed the presence of an amino-  
group (IJN. H 1400 cm -1) (6). Its fur ther  heating at 
a higher temperature  (1100~ in argon released a 
small quant i ty  of ammonia,  ' suggesting that the de- 
posit contained silicon amide. It was oxidized gradu-  
ally in air at 1300~ to give a blue-colored product. 
In  figuring the weight increase after the oxidation, 
silicon content in the product was estimated to be at 
least 80%. It was soluble par t ly  in hydrofluoric acid, 
par t ly  in  20% sodium hydroxide, and par t ly  in hydro-  
fluoric acid -~ nitric acid. Therefore, it can be assumed 
that the brownish product from silicon alkylamide con- 
tains a few compounds such as silicon, silicon nitr ide 
(or amide),  and silicon carbide. But, the result  of the 
oxidation reaction strongly suggests that silicon is a 
major  product. Thus it is of great interest  that  the 
decomposition of the amides of the main  group ele- 
ments has a tendency to result  in the corresponding 
elements themselves rather  than the nitrides, being 
in str iking contrast to that of t ransi t ion metal  amides. 

Table I. Metal dialkylamides, decomposition products, and the 
lowest formation temperatures of nitrides 

TiN (700~ 

~ t  _ 

TiN (300~ 

40 60 80 ~ 30 50 70 ~ 

20 (Cu-K~) 20 (Cu-Ka) 

Fig. 2. X-ray diffractions of deposits formed on quartz 

20 

ZrN (400~ 

NbN or Nb3N, 
(5oooc) 

Ta Compound 
(500~ 

_AA 

L o w e s t  
f o r m a t i o n  

A m i d e  P r o d u c t  t e m p  (~ Remarks  

Ti(NMe~)4 TiN 250 R e d d i s h  b r o w n  f low) 
Ti(NEt~)~ TiN 350 or  y e l l o w i s h  (h igh  
Ti(N-n-Pr2)  4 TiN 500 t e m p e r a t u r e )  coat-  
Ti (N-n-Bu2) 4 T iN 600 ings  
Zr(NMe2)~ Z r N  400 Pa le  b r o w n i s h  coat-  
Z r  (NEt~) ~ Z rN  500 ings  
N b  (NEt2) 3 NbN or  Nb4Ns 500 B lack  coa t ings  
Ta(NEt~)5 U n i d e n t i f i e d  (500) G r a y i s h  coa t ings  
Si(NMe2)4* Si, S iC  and  (800) B r o w n i s h  coa t ings  

Si (NH2) n 
Sn (N1VIe2) 4 Sn (300) G r a y i s h  coa t ings  
B(NMe2)3 B (600) D a r k  b r o w n i s h  coat- 

ings 

* I t  i nc ludes  abou t  75% of CISi(NMe2)~. 
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Temperature dependence of deposition.--The lowest 
formation temperatures  of ni t r ides  shown in  Table I 
are remarkab ly  low compared with those in  the con- 
vent ional  chemical vapor depositions. The amides hav-  
ing a higher molecular  weight or of heavier  elements 
are apt to decompose at higher temperatures.  The 
tempera ture  dependence of the deposition was studied 
in more detail  using t i t an ium te t rakis (d imethylamide)  
and te t rakis(die thylamide)  as representat ive com- 
pounds. The results  in ni t rogen are shown in  Fig. 4 and 
5, respectively. The m a x i m u m  yields were found at 
about 400~176 and at a tempera ture  above 800~ in 
either compounds, when hydrogen or ni t rogen was 
used as a carrier gas. In  the case of argon carrier, how- 
ever, the ni t r ide deposition occurred analogously at 
lower temperatures  but  was extremely suppressed at 
higher temperatures.  The t i t an ium nitr ide content  in 
the deposits was evaluated from t i t an ium oxide (TiO2) 
formed by oxidation in air, and is shown also in  Fig. 4 
and 5. These results strongly suggest that the different 
mechanisms can take part  in the low and high tempera-  
ture  decompositions. Table I indicates that  ~he amides 
of the ma in  group elements gave deposits at higher 
temperatures  than those of t ransi t ion metals. 

Analysis o~ the exhaust gases.--In order to clarify 
the processes of deposition, the exhaust gas of the de- 
composition reaction was examined by gas chromato-  
graphy, mass spectroscopy, and chemical analysis. 
When the exhaust  gas formed by the decomposition of 
t i t an ium te t rakis (d imethylamide)  at the opt imum 
condition (400~ in ni t rogen was bubbled  into a 
benzene solution of naphthylisocyanate,  white crystals 
which were identified as pure d imethylnaphthy lurea  
by NMR and infrared spectra, m.p. and thin layer  chro- 
matography were separated, indicating a selective for- 
mat ion of dimethylamine.  Its yield was found to de- 
crease with the increasing decomposition temperature.  
The gas chromatographic analysis showed at least 
three peaks, one of which was identified as d imethyl-  
amine. 

Detailed analysis of the gases obtained at the de- 
composition temperatures  300 ~ 600 ~ and 800~ in 
he l ium atmosphere was performed using a mass 
spectroscopy, and the results are shown in Fig. 6, in  
which the relative intensit ies of fragments  to a frag- 
ment  m /e  78 (unidentified) are shown. This figure in -  
dicates that at lower temperatures  the e l iminat ion of 
d imethylamine  was dominant  and that at tempera-  
tures above 600~ fur ther  degradation could take 
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Fig. 6. Mass spectral analysis of the exhaust gases formed in the 
decomposition of Ti(NMe2)4 at different temperatures. 

place. The formation of hydrogen and methane  became 
significant at 800~ which indicates an occurrence of 
a full decomposition of the complex. In  contrast, the 
deposition yields of t i t an ium nitr ide were m a x i m u m  
at about 400~ and at a temperature  higher than 
800~ and a m i n i m u m  of 600~ (see Fig. 4 and 5). 

The tempera ture  dependence of the composition of 
the exhaust gas of silicon dimethylamide was similar 
to that of t i t an ium dimethylamide,  as shown in Fig. 7. 
In  the case of silicon amide, however, the deposition 
was found only at a tempera ture  above 700~ The 
difference between the behavior of silicon and t i t an ium 
amides may be related to the stabil i ty of an in te rme-  
diate of the reaction. The main  fragments  in  the 
mass spectra of silicon and t i t an ium complexes are 
summarized in  Table II. In the case of the former, 
b i s (d imethylamino)s i l i conium ion was observed at 
high abundance,  but  the analogous f ragment  ion of 
t i t an ium was absent, suggesting the higher stabili ty 
of low valent  silicon species. 
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Fig. 4. Temperature dependence of deposition and purity from 
Ti(NMe2)4 on quartz in nitrogen. 

~ 3.0 

= 2.0 o 
;5 
'7, 
~_ l.O 

100 
G 

80 ~s 

6o ) 

40 ~- 

20 ~ 
i i i i i i 

300 400 500 600 700 800 
Decomposition Temperature (~ 

0 0 

Fig. 5. Temperature dependence of deposition and purity from 
Ti(NEt2)4 on quartz in nitrogen. 
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Fig. 7. Mass spectral analysis of the exhaust gases formed in the 
decomposition of Si(NMe2)4 [includes 75% of CISi(NMe~)3] at 
different temperatures. 
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Fig. 8.  TiN deposits formed on 
quartz. A, 300~ low deposi- 
tion; B, 300~ high deposition; 
C, 800~ D, 1000~ 

Properties of deposits.--In Fig. 8, the scanning elec- 
tron micrographs of a typical t i tanium nitr ide deposited 
on a quartz  substrate are shown. The grain sizes of the 
nitr ide obtained at a lower tempera ture  were  larger  
than those at a higher  temperature .  The x - r ay  diffrac- 
tion pat tern  of low tempera ture  deposits was quite 
s imilar  to that  of powdered t i tanium nitr ide except  
for considerable broadening, but the high t empera tu re  
deposits had a larger  intensi ty of (111) peak (see 
Fig. 2). F igure  8 demonstrates  that  the high t em-  
pera ture  deposits are par t ly  crystallized. 

The deposition onto some other substrates such as 
graphite,  copper, and stainless steel was also examined.  
The deposition rates on these substrates were  found 
to be 0.25 mg/cm~.min  (about 15% yield for the amide 
introduced) ,  ~hus being faster  than on the quartz  
substrate (0.15 mg/cm2.min) .  This difference might  
be due  to the thermal  conductivi ty of the substrates 
ra ther  than thei r  chemical  nature  such as a catalytic 
action of the surfaces. The adherence of the deposits 
to graphite and copper substrates seemed preferable  
to that  of stainless steel and quartz. The deposits 
on the two lat ter  substrates were  often found to peel  
off. A cross section of the t i tanium ni t r ide deposited 
on a quar tz  at  300~ is shown in Fig. 9. At the i n t e r -  

Table II. Mass spectra of M(NMe~)4 (M : Si and Ti)* 

I n t e n s i t y  (%) 

F r a g m e n t  ion** Si  Ti  

M (NMe2) 4 44.7 22.0 
[M (NMe~)sCl] t [66.0] --  
[M(NMe2)~]t [55.3] 
M (NNIe~) ~NMeCH2 13.8 8.0 
M (NMe2)  eNCI~ 2.4 13.5 
M(NMe~)~ 20.2 - -  
M e 2 N H  lOO.O lOO.O 

* M e a s u r e d  at  20 eV. 
** These formulas were assigned f r o m  t h e  high resolution analy- 

sis using perfluorokerosene as an  i n t e r n a l  s t a n d a r d  (errors  are  
within 5 m m a s s ) .  

% M o l e c u l a r  i o n  of  e h l o r o t r i s ( d i m e t h y l a m i n o ) s i l a n e  i n v o l v e d  a n d  
a f r a g m e n t  ion  f o r m e d  b y  i ts  fragmentation. 

face be tween the nitr ide and the surface of the quartz, 
no other layers were  found, suggesting that  the ni tr ide 
did not react  wi th  quartz at the deposition condition. 
The color of the nitr ide was brownish or dark ye l low-  
ish at low tempera ture  but  became yel lowish at a 
high temperature ,  being similar  to the appearance of 
a typical t i tanium nitride. 

A qual i ta t ive electrical  conduct ivi ty  measurement  
(four terminal  method) showed that  the nitr ide had a 

resist ivi ty 10 -2 ohm.cm at room temperature,  which 
is not in agreement  wi th  that  of normal  ni tr ide (21.7 
• 10 -6 ohm-cm) (7), probably due to imperfect  
coatings, the contaminat ion of some impuri t ies  (in 
par t icular  at the grain boundaries) ,  and the existence 
of fine cracks. 

Discussion 
The deposition processes of metal  nitrides f rom the 

corresponding amides can be expected to va ry  with  
temperature.  At low temperature,  the deposition was 
independent  of the atmosphere,  but at high t empera -  
ture, the process was affected by the atmospheric 
gas, and the deposition was suppressed in argon. Mass 
spectral  results of the exhaust  gas indicated that  t h e  

Fig. 9. Cross section of TiN films deposited on quartz at 300~ 
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low temperature decomposition gave mainly amine, 
but the high temperature caused a full degradation 
of complexes. Therefore, the following decomposition 
schemes might be assumed 

Unfortunately it was difficult to obtain a perfect 
homogeneous coating over the surface of the substrates 
even when the careful experiments were performed, 
probably due to very low thermal stabili ty of the 

Low temperature:  M(NMe2)4 ~M(NMe~)8 ~ M ( N M e ~ ) ~  MNz 

j'H2 a n d / o r /  
High temperature:  M (NMe2) 4 "-Metal species ~ \ N  compounds 

In the low temperature process, the amides may 
decompose through a successive elimination of amine 
fragments to give a low valent metal amide, followed 
by subsequent elimination of alkyl groups to yield 
the corresponding nitrides. A nitrogen atom originally 
bound to the metal may remain in the product without 
any separation through the reaction. Meanwhile, at 
high temperatures a complete degradation of the 
amides is preferable, followed by a recombination of 
metallic species formed with nitrogen compounds or 
by a further reduction with hydrogen, affording the 
nitrides. When argon is used in this reaction, it may 
dilute the concentration of nitrogen species or hydro-  
gen to make the formation of the nitrides difficult. 
In a hydrogen atmosphere, splitting of the N-C bonds 
may be accelerated. These tentative schemes can ex- 
plain the existence of two maxima in the temperature 
dependence of deposition. The optimum conditions 
were concluded to exist at approximately 400~ and 
at a temperature higher than 800~ in low and high 
temperature depositions, respectively. 

At a medium temperature (about 600~ the com- 
plete decomposition may take place, but this tempera-  
ture is too low for nitride formation by subsequent 
recombination reactions. The amides of a main group 
elements may be so thermally stable that the successive 
reaction is difficult to occur. Therefore, they can de- 
compose only at a high temperature to the elements. 
This selective element formation (the representative 
case was tin from tin dimethylamide) may be at t r ib-  
uted to the easy reduction of the amides to zero valent 
species in comparison to the transition metals such as 
titanium. 

In the case of titanium, zirconium, and niobium com- 
pounds, the corresponding nitrides which contain a 
small quantity of carbon were obtained. Although "the 
product from the tantalum amide could not be iden- 
tified, it is supposed that it is to be a kind of nitride. 
In spite of a larger ratio of carbon to nitrogen in the 
starting materials the selective formation of nitrides 
suggests that the nitrogen atoms originally linked are 
important for it, although the thermodynamic data also 
indicate the nitride formation to be easier than the 
carbide (8). 

amides. However, this defect may be corrected in a 
procedure of reduced reaction pressure. 
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