
Title: Method for producing silicon nitride films
Field of the Invention The invention relates to a
method for producing silicon nitride films and more
particularly relates to a method for producing silicon
nitride films by chemical vapor deposition (CVD) .
Description of the Prior Art Silicon nitride films
have excellent barrier properties and an excellent
oxidation resistance and as a consequence are used in
the fabrication of microelectronic devices, for
example, as an etch -stop layer, barrier layer, or
gate dielectric layer, and in oxide/nitride stacks.
Plasma-enhanced CVD (PECVD) and low-pressure CVD
(LPCVD) are the methods primarily used at the present
time to form silicon nitride films. PECVD is typically
carried out by introducing a silicon source (typically
silane) and a nitrogen source (typically ammonia, but
more recently nitrogen) between a pair of parallel
plate electrodes and applying high -frequency energy
across the electrodes at low temperatures (about 300C)
and low pressures (0.1 torr to 5 torr) in order to
induce the generation of a plasma from the silicon
source and nitrogen source. The active silicon species
and active nitrogen species in the resulting plasma
react with each other to produce a silicon nitride
film. The silicon nitride films afforded by PECVD
typically do not have a stoichiometric composition and
are also hydrogen rich and accordingly exhibit a low
film density, a fast etching rate, and a poor thermal
stability. In contrast to the preceding, LPCVD uses
low pressures (0.1 to 2 torr) and high 



temperatures (800C to 900C) and produces silicon
nitride films with a qualitysuperior to that of the
silicon nitride films produced by PECVD. At the
present time silicon nitride is typically produced by
LPCVD by the reaction of dichlorosilane and gaseous
ammonia. However, ammonium chloride is produced as a
by-product in the reaction of dichlorosilane and
gaseous ammonia in this LPCVD procedure: this ammonium
chloride accumulates in and clogs the reactor exhaust
lines and also deposits on the wafer. Moreover,
existing LPCVD technology suffers from a slow rate of
silicon nitride film growth and has a high thermal
budget. In order to reduce this thermal budget
associated with the production of silicon nitride
films, a method has very rece ntly been developed that
produces silicon nitride films by reacting ammonia
with hexachlorodisilane used as a silicon nitride
precursor. This method, however, suffers from a
pronounced exacerbation of the problems cited above
due to the large amounts of ch lorine present in
hexachlorodisilane. Silicon -containing particles are
also produced by this method, which results in a
substantial reduction in the life of the exhaust
lines. Finally, this method can provide good silicon
nitride films (high quality, good step coverage ratio,
low chlorine content) at excellent growth rates when
the reaction temperature is, for example, 600C, but
these characteristics suffer from a pronounced
deterioration when a reaction temperature < 550C is
used. Methods that use trisilylamine as a precursor in
the formation of silicon nitride films by CVD have
recently been disclosed. Thus, a method is disclosed
in Patent Reference 1 in which silicon nitride is
produced by flowing trisilylamine and ammonia over
substrate. A method is d isclosed in Patent Reference
2 in which silicon nitride film is produced by
reacting trisilylamine with a nitrogenous 



compound such as an amine. Since trisilylamine lacks
chlorine, these methods are free of the problems noted
above that arise due to the ge neration of ammonium
chloride by-product. [Patent Reference 1]United States
Patent 6,566,281 Bl [Patent Reference 2] United States
Patent 6,630,413 Bl Disclosure of the Invention
Problems to Be Solved by the Invention In the case of
methods in which t risilylamine is reacted with
ammonia as in Patent Reference 1, it has been
recognized that the rate of silicon nitride film
growth is relatively low and that as a rule the
resistance to etching with hydrofluoric acid solutions
is also not high. While a high rate of silicon nitride
film growth is obtained in the case of methods in
which trisilylamine is reacted with amine as in Patent
Reference 2, it has been found that the resulting
silicon nitride film incorporates relatively large
amounts of carbon and th at the resulting silicon
nitride readily undergoes oxidation in air. An object
of the invention, therefore, is to provide a method
for producing silicon nitride films by vapor
deposition that, while employing trisilylamine as
precursor, can produce silico n nitride films that
exhibit excellent film properties and can do so at
relatively low temperatures and relatively high growth
rates. Means Solving the Problems As a result of
extensive investigations into methods for producing
silicon nitride films using trisilylamine as a
precursor, the inventors discovered that the aforesaid



object could be achieved by the use of two or more
amine -type compounds of a specific type as the
nitrogen source that is reacted with trisilylamine.
This invention was achieved bas ed on this
discovery.More specifically, this invention provides a
method for producing silicon nitride film, said method
being characterized by feeding gaseous trisilylamine
and gaseous nitrogen source comprising at least two
amine -type compounds selecte d from amine-type
compounds with formula (1) NR 1R2R3 (1) (R1, R2, and
R3 are each independently selected from hydrogen and C
i- hydrocarbyl) into a reaction chamber that holds at
least one substrate and forming silicon nitride film
on said at least on e substrate by reacting the
trisilylamine and said nitrogen source. Advantageous
Effects of the Invention The invention enables the
production, at relatively low temperatures and at
relatively high growth rates, of silicon nitride films
that exhibit excell ent film properties. In addition,
silicon nitride film produced in accordance with the
invention exhibits a high resistance to etching by
hydrofluoric acid and essentially does not undergo
oxidation even upon exposure to the atmosphere. Best
Mode for Carrying Out the Invention The present
invention is described in greater detail hereinbelow.
The invention is directed to a method for forming
silicon nitride film on a substrate by a vapor
deposition technique such as CVD. The invention uses
trisilylamine ((H3Si)3N, abbreviated below as TSA) as
a silicon nitride precursor and reacts TSA with a
nitrogen source that comprises at least two amine
-type compounds of 



a specific type. The nitrogen source used by the
invention to form silicon nitride by reaction with T
SA in the vapor phase comprises at least two
selections from amine-type compounds with formula (1)
NR 1R2R3 (1) in which R1, R2, and R3 are each
independently selected from hydrogen and C i-
hydrocarbyl (this at least two amine -type compounds
with formula (1) is referred to hereinbelow as the
"designated nitrogen source"). The hydrocarbyl
representedby R1, R2, and R3 in formula (1) may have a
cyclic or chain (straight chain or branched chain)
structure and can be nonexhaustively exemplified by
methyl, ethyl, propyl (n-propyl, isopropyl), butyl (n
-butyl, isobutyl, and tert -butyl), pentyl, hexyl, and
phenyl. Amine -type compounds with formula (1) can be
specifically exemplified by ammonia, monomethylamine,
dimethylamine, trimethylamine, monoethylamine, diethyl
amine, and triethylamine. The combination of ammonia
with another amine -type compound is a preferred
designated nitrogen source, while the combination of
ammonia with trimethylamine is an even more preferred
designated nitrogen source. Silicon nitride film is
produced according to the invention on a substrate by
feeding gas -phase TSA and gas -phase designated
nitrogen source into a reaction chamber that holds at
least one substrate (a semiconductor substrate such as
a silicon substrate) and reacting the TSA and
designated nitrogen source. An inert dilution gas can
also be introduced at this time as necessary or
desired. The inert dilution gas may be introduced
independently from the TSA and designated nitrogen
source or may be introduced after it has been pr
eliminarily mixed with the TSA and/or the designated
nitrogen source. 



The pressure within the reaction chamber can be
maintained at 0.1 torr to 1000 torr and is preferably
maintained at from 0.1 torr to 10 torr during the
reaction between TSA and the designated nitrogen
source (the CVD reaction). The CVD reaction under
consideration can generally be carried out at 300C to
900C (CVD reaction temperature). The CVD reaction
temperature generally denotes the temperature of the
substrate on which the silicon nitride is formed or
the temperature in the neighborhood of this substrate.
While the TSA flow rate will also depend on the size
of the reaction chamber, this parameter is generally
from 0.5 seem to 1000 seem. The TSA and designated
nitrogen source can be delivered into the reaction
chamber generally at a flow rateratio of the former to
the latter of 1 : 10 to 1 : 200. The produced film
tends to approach the stoichiometric composition when
the designated nitrogen source flow rate is no more
than 200 -times the TSA flow rate, but tends to be
silicon -rich when the flow rate of the designated
nitrogen source is less than 10 -times the TSA flow
rate. The Si/(N + C) ratio in the produced film can be
adjusted at TSA : designated nitrogen source flow rate
ratios of 1 : 10 to 1 : 200, thereby enabling the
production of film with desired properties. TSA :
designated nitrogen source flow rate ratios of 1 : 20
to 1 : 100 are particularly preferred. The flow rate
ratio for the at least two amine -type compounds
comprisin g the designated nitrogen source is not
critical, but is generally 1 : 10 to 10 : 1 and more
preferably is 1 : 2 to 1 : 1. In the specific case of
the use of ammonia with another amine-type compound,
the ammonia : other amine -type compound flow rate
ratio is preferably 1 : 10 to 10 : 1 and more
preferably is 1 : 2 to 2 : 1. The inert dilution gas
introduced into the reaction chamber as necessary or
desired 



can be a single selection or two or more selections
from inert gases such as nitrogen and rare gases such
as argon. Neither TSA nor the designated nitrogen
source used by the invention contain chlorine, and
their reaction therefore does not result in the
secondary production of ammonium chloride that has
been a problem with the prior art. The use in
accordance with the present invention of two or more
amine -type compounds for reaction with TSA provides a
significant improvement in the rate of silicon nitride
film growth over the rate afforded by the reaction of
TSA with ammonia alone. Moreover, the silico n nitride
film afforded by the reaction of TSA with at least two
amine-type compounds in accordance with the invention
exhibits an excellent oxidation resistance upon
exposure to air (essentially no oxidation occurs),
which is superior to that of film affo rded by the
reaction of TSA with only a non - ammonia amine -type
compound such as trimethylamine. The silicon nitride
filmafforded by the reaction of TSA with at least two
amine -type compounds in accordance with the invention
also exhibits a high resistance to etching by
hydrofluoric acid and advantageously supports
selective etching post -film production. Synergistic
effects such as these appear due to the reaction of
TSA with two or more amine -type compounds in
accordance with the present invention. Examples
Examples of the invention are described below, but
this invention is not limited by these examples.
Example 1 Silicon nitride film was produced at
different CVD reaction temperatures (T) on silicon
substrate held in a reaction chamber by delivering T
SA gas into the 



reaction chamber at a feed flow rate of 0.5 seem,
ammonia at a feed flow rate of 40 seem, and
trimethylamine (TMA) at a feed flow rate of 40 seem
while maintaining a pressure of 1 torr in the reaction
chamber. The silicon nitride deposition (growth) rate
was measured during film production and was plotted
against 1000 x the reciprocal of the reaction
temperature (T in kelvin (K)). The results are plotted
as line a in Figure 1. Comparative Example 1 Silicon
nitride film was produced on sili con substrate
entirely as in Example 1, with the exception that
nitrogen was introduced into the reaction chamber at a
feed flow rate of 40 seem in place of the TMA. The
rate of silicon nitride growth is shown by line b in
Figure 1.As may be understood from the results
reported in Figure 1, the use of two amine - type
compounds (ammonia and TMA) as the nitrogen source
(Example 1, line a) provides a substantial improvement
in the rate of silicon nitride film growth over the
rate provided by the use of only a mmonia as the
nitrogen source (Comparative Example 1, line b).
Example 2 Silicon nitride was grown on silicon
substrate in a reaction chamber using the following
CVD reaction conditions. < CVD reaction conditions >
TSA flow rate: 0.5 seem ammonia flow rate: 20 seem TMA
flow rate : 20 seem pressure in the reaction chamber:
100 torr 



CVD reaction temperature: 500C The resulting rate of
silicon nitride growth was 102 A/min. The obtained
silicon nitride film was exposed to the atmosphere for
1 week, after wh ich time the oxygen concentration in
the silicon nitride film was measured by Auger
electron spectroscopic analysis. It was found as a
result that there was almost no oxygen in the film. In
addition, the carbon concentration in the film was < 5
atom%. An etching rate of less than 1 A/min was
observed when the obtained silicon nitride was
immersed in 1% hydrofluoric acid. The silicon nitride
film obtained according to the present invention was
therefore confirmed to have an excellent resistance to
etching with hydrofluoric acid (refer to the results
in Comparative Example 2).Examples 3 and 4 Silicon
nitride films were deposited using the same CVD
reaction conditions as in Example 2, but in these
examples using reaction temperatures of 490C and 480C.
The rate of silicon nitride film growth was 20 A/min
in the former case and was 4.4 A/min in the latter
case. This confirmed that execution of this invention
can provide satisfactory silicon nitride film growth
even at temperatures as low as less than 500C.
Comparative Example 2 Silicon nitride film was
deposited using the same CVD conditions as in Example
2, but in this comparative example using only ammonia
at a flow rate of 40 seem in place of both the 20 seem
TMA and 20 seem ammonia. The resulting rate of silicon
nitride film growth was 11 A/min, which was no more
than about one -tenth the growth rate in Example 2. 



The etching rate of the obtained silicon nitride when
immersed in 1% hydrofluoric acid was 8.3 A/min.
Comparative Example 3 Silicon nitride film was
deposited using the same CVD conditions as in Example
2, but in this comparative example using only a flow
rate of 40 seem TMA in place of both the 20 seem
ammonia and 20 seem TMA. The resulting rate of silicon
nitride film growth was 95 A/min, a nd the carbon
concentration in the film was approximately 25 atom%.
When the obtained silicon nitride film was exposed to
the atmosphere, the oxygen concentration in the
silicon nitride film after 1 day(determined by Auger
electron spectroscopic analysis) was approximately 20
atom%, which confirmed a high sensitivity to air (low
resistance to oxidation). Comparative Example 4 The
attempt was made to deposit silicon nitride film using
the same CVD conditions as in Example 2, but in this
comparative exampl e using a CVD reaction temperature
of 490C and using only a flow rate of 40 seem ammonia
in place of both the 20 seem ammonia and 20 seem TMA.
However, silicon nitride production did not occur
under these conditions. Brief Description of the
Drawings Figure 1 contains a graph that shows the
relationship between the CVD reaction temperature and
the rate of silicon nitride film growth.Claims 1.
Method for producing silicon nitride film, said method
being characterized by feeding gaseous trisilylamine
and gaseous nitrogen source comprising at least two
amine -type compounds selected from amine -type
compounds with formula (1) 



NR 1R2R3 (1) (R1, R2, and R3 are each independently
selected from hydrogen and C i- hydrocarbyl) into a
reaction chamber that holds at least one substrate and
forming silicon nitride film on said at least one
substrate by reacting the trisilylamine and said
nitrogen source. 2. The method described in Claim 1,
characterized in that the reaction between the
trisilylamine gas and nitrogen source is carried out
at 300C to 900C. 3. The method described in Claim 1 or
2, characterized in that a pressure of 0.1 torr to
1000 torr is established within the reaction chamber.
4. Method according to any of Claims 1 -3,
characterized in that inert dilution gas is also fed
to the reaction chamber. 5. Method according to any of
Claims 1 -4, characterized in that the nitrogen source
contains ammonia and amine -type compound other than
ammonia. 


