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LOW TEMPERATURE MOLECULAR LAYER DEPOSITION OF SiCON

TECHNICAL FIELD

[0001] Embodiments of the disclosure generally relate to methods for molecular layer
deposition. More specifically, embodiments of the disclosure are directed to methods for the

molecular layer deposition of silicon carbon oxynitride (SICON) films.
BACKGROUND

[0002] Deposition of thin films on a substrate surface is an important process in a variety of
industries including semiconductor processing, diffusion barrier coatings and dielectrics for
magnetic read/write heads. In the semiconductor industry, in particular, miniaturization
requires atomic level control of thin film deposition to produce conformal coatings on high

aspect ratio structures.

[0003] Silicon carbon oxynitride (SICON) is being considered for spacer and etch-stop
layer applications due to a low dielectric constant (k). Excellent conformality coverage of
dielectric films on high aspect ratio structures is needed as device nodes shrink down below 45
nm. Silicon carbide (oxy)nitride (SICON/SiCN) films can exhibit some of these favorable
qualities, but deposition of SICON/SiCN films from furnace processes has several drawbacks.
For example, these drawbacks include a high temperature requirement (= 550 °C), few
capabilities to engineer film compositions and bonding structures. These properties impact wet
etch resistance and electrical stability during thermal cycling for front-end of line (FEOL)
applications. Films deposited via plasma enhanced chemical vapor deposition (PE-CVD) at

lower temperature have poor step coverage due to directionality of the radicals’ fluxes.
[0004]  Accordingly, there is a need for improved methods for depositing various silicon
containing films such as SiCN.

SUMMARY

[0005]  One or more embodiments of the disclosure are directed to methods of depositing a
film. At least a portion of a substrate surface is exposed to a first precursor comprising a

multi-functional amine to form an amine-containing film on the substrate surface. The amine-
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containing film is exposed to a second precursor comprising at least one silicon atom and at

least one reactive moiety to form an SICON film on at least a portion of the substrate surface.

[0006] Additional embodiments of the disclosure are directed to methods of depositing a
film. At least a portion of a substrate surface is exposed to a first precursor comprising a
multi-functional amine to form an amine-containing film on the substrate surface. The first

precursor comprises a compound having the formula selected from the group consisting of

/ HQ:}.‘ /H
HN--C 7-NH; Hzmirc lwi—c :—NHz

n , , and combinations thereof, where n is in
the range of about 1 and about 6. Unreacted first precursor is removed from the substrate
surface. The amine-containing film is exposed to a second precursor comprising at least one
silicon atom and at least one reactive moiety to form an SiICON film on at least a portion of the
substrate surface. The reactive moiety is selected from the group consisting of isocyanato,
aldehyde, ketone, acyl chloride, anhydrides and combinations thereof. Unreacted second

precursor is removed from the substrate surface.

[0007]  Further embodiments of the disclosure are directed to methods of depositing a film.
At least a portion of a substrate surface is exposed to a first precursor comprising a multi-
functional amine to form an amine-containing film on the substrate surface at a temperature in
the range of about 50 °C to about 200 °C. The first precursor comprises a compound having

the formula selected from the group consisting of

[ H,
HQNA;CZ#NEE HgNig'C )—NJ\-C FNH;

, , and combinations thereof, where n is in
the range of about 1 and about 6. Unreacted first precursor is removed from the substrate
surface. The amine-containing film is exposed to a second precursor comprising at least one
silicon atom and at least one reactive moiety to form an SiICON film on at least a portion of the
substrate surface at a temperature in the range of about 50 °C to about 200 °C. The reactive
moiety is selected from the group consisting of isocyanato, aldehyde, ketone, acyl chloride,
anhydrides and combinations thereof. Unreacted second precursor is removed from the

substrate surface. The exposure of at least a portion of the substrate surface to the first
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precursor, removing reacted first precursor, exposure to the second precursor and removing
unreacted second precursor is sequentially repeated to form an SiCON film of a chosen
thickness. The SiCON film is annealed in a gas selected from the group consisting of silane,

dichlorosilane, trichlorosilane, ammonia, oxygen and combinations thereof.
BRIEF DESCRIPTION OF THE DRAWINGS

[0008] Further features of embodiment of the present disclosure, their nature and various
advantages will become more apparent upon consideration of the following detailed
description, taken in conjunction with the accompanying drawings, which are also illustrative
of the best mode contemplated by the applicants, and in which like reference characters refer to

like parts throughout, where:

[0009] FIG. 1 illustrates an exemplary MLD process in accordance with one or more

embodiment of the disclosure as described in the Example; and

[0010] FIG. 2 shows an FTIR spectrum of the film deposited using the process of the
Example as exemplified in FIG. 1.

DETAILED DESCRIPTION

[0011] Before describing several exemplary embodiments of the disclosure, it is to be
understood that the disclosure is not limited to the details of construction or process steps set
forth in the following description. The disclosure is capable of other embodiments and of

being practiced or being carried out in various ways.

[0012] A “substrate surface” as used herein, refers to any substrate or material surface
formed on a substrate upon which film processing is performed during a fabrication process.
For example, a substrate surface on which processing can be performed include materials such
as silicon, silicon oxide, strained silicon, silicon on insulator (SOI), carbon doped silicon
oxides, silicon nitride, doped silicon, germanium, gallium arsenide, glass, sapphire, and any
other materials such as metals, metal nitrides, metal alloys, and other conductive materials,
depending on the application. Substrates include, without limitation, semiconductor wafers.
Substrates may be exposed to a pretreatment process to polish, etch, reduce, oxidize,
hydroxylate, anneal and/or bake the substrate surface. In addition to film processing directly

on the surface of the substrate itself, in the embodiments of the present disclosure any of the
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film processing steps disclosed may also be performed on an underlayer formed on the
substrate as disclosed in more detail below, and the term ‘“‘substrate surface” is intended to

include such underlayer as the context indicates.

[0013] One or more embodiments of the disclosure use a variant of atomic layer deposition
(ALD) called molecular layer deposition (MLD). MLD processes can be used to deposit
polymers such as polyimide, polyamide, or polyurea. For example, MLD of polyurea may be
performed by alternating exposures of 1,4-diisocyanatobutane with various amines, such as
ethylenediamine or tris(2-aminoethyl)amine. The inventors have surprisingly found that
silicon precursors comprising reactive moieties can also be deposited by MLD. Reactive
moieties such as isocyanato groups (see equation 1), aldehydes or ketones (see equation 2),
acyl chlorides (see equation 3) and anhydrides (see equation 4) can participate in MLD

reactions with various amines such as ethylenediamine.

[0014] Equations 1-4 show common organic reactions that occur between amines and

aldehydes, ketones, acyl chlorides and anhydrides.

HoH
N=C=0 ‘ ,.N N - = sty
RNH, Rj =0 — = R \n/ ~ Equation 1
G
0 N
RNH g - L, +H0 Equation 2
RNH2 + = By — R.x‘f R" q 1L
Q 0
- + HCI - quat
RNH; + R‘) \‘C:I —- R ’)‘\“NHQR Equation 3
O O
v_ff’ r'}.r
. A e - _
RNH, + (0 — > | N-R *+HO Equation 4
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[0015] In some embodiments, the amine is at least bifunctional so that one amine can react
with the substrate surface while the other amine may remain unreacted to participate in a

subsequent ALD half-reaction.

[0016] The inventors have found that a network of silicon, carbon, oxygen and nitrogen can
be deposited using two precursors. While the term SiCON is used to describe a film having
silicon, carbon, oxygen and nitrogen, it will be understood by those skilled in the art that no
stoichiometry is intended by such formula. For example, an SiICON film is not limited to films
with equal numbers of silicon, carbon, oxygen and nitrogen atoms, the term SiCON is merely
representative of the majority makeup of the film. Additionally, it will be understood that an
SiCON film may also contain some other impurities or trace elements. For example, an
SiCON film may contain up to about 5% on an atomic basis of other elements, or up to about
4%, or up to about 3%, or up to about 2%, or up to about 1%, or up to about 0.5%, or up to
about 0.2%.

[0017] In some embodiments, the amine is modified to contain more than two NH, groups.
Without being bound by any particular theory of operation, it is believed that the amines can

cross link the film and increase the mechanical strength.

[0018] One or more embodiments of the disclosure involve the low temperature MLD of
SiCON by the following method: First, a multifunctional amine is transported to a reaction
chamber which will react with a substrate to form a layer of NH, groups on the surface. Next a
purge is performed to get rid of any unreacted amine. Next a Si precursor is transported to the
reactor chamber so that the precursor reacts with the NH, groups on the surface to form new
carbon to nitrogen bonds. The chamber is purged to get rid of any unreacted Si precursor.
Multiple cycles of this process should result in the low temperature deposition of SICON. The
deposition temperature can be 50 °C — 200 °C, and the pressures would be 0 — 300 Torr.

[0019] The quality of the film can vary depending on a number of factors. The film formed
might be of poor quality because of the low temperature and the relatively low density of the
deposited film. In some embodiments, annealing under gases such as (H,SiCl,, SiCls, silane,

NHzs, O,, etc.) may help densify the film and also tune the film's properties.

[0020]  Accordingly, one or more embodiment of the disclosure is directed to methods of
depositing a film. At least a portion of a substrate surface is exposed to a first precursor

comprising a multi-functional amine to form an amine-containing film on the substrate surface.
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In some embodiments, the multi-functional amine comprises two amine groups, three amine

groups, four amine groups, five amine groups or more.

[0021]  In some embodiments, the first precursor comprises a compound having the formula

F’ H. |
HNA-C -NH,
l‘l

2

where n is up to about 16, or up to about 15, or up to about 14, or up to about 13, or up to about
12, or up to about 11, or up to about 10, or up to about 9, or up to about 8, or up to about 7, or

up to about 6 or in the range of about 1 to about §, or in the range of about 1 to about 6.

[0022] In some embodiments, the first precursor comprises a compound having the formula

(Ha\ B 1y
HONKC N«*;«C FNH;

2

where n is up to about 16, or up to about 15, or up to about 14, or up to about 13, or up to about
12, or up to about 11, or up to about 10, or up to about 9, or up to about 8, or up to about 7, or

up to about 6 or in the range of about 1 to about §, or in the range of about 1 to about 6.

[0023] In some embodiments, the first precursor comprises a compound having the formula

HaNT™
"CH,
\v;_a- i
HQN{"* ’\ "“*{: ~NH;
i\ HE» i\ ng
where n is up to about 16, or up to about 15, or up to about 14, or up to about 13, or up to about

12, or up to about 11, or up to about 10, or up to about 9, or up to about 8, or up to about 7, or

up to about 6 or in the range of about 1 to about §, or in the range of about 1 to about 6.

[0024] In some embodiments, the first precursor comprises a compound having the formula

selected from the group consisting of
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7
HoN
CH,
; o
f‘HE\ | }H‘FHE HENC} c-NHz
HoN-+-C 7~NH, HEN*\-C }“N'L‘C SNHy \ Hay/ \ H, )/

2 2 2

or combinations thereof, where n is up to about 16, or up to about 15, or up to about 14, or up
to about 13, or up to about 12, or up to about 11, or up to about 10, or up to about 9, or up to
about 8, or up to about 7, or up to about 6 or in the range of about 1 to about &, or in the range

of about 1 to about 6.

[0025] In some embodiments, after exposure to the first precursor, the processing chamber,
or substrate surface may be purged of excess or unreacted first precursor. This prevents any
gas phase reactions between the first precursor and a subsequent second precursor. When a
chemical vapor deposition (CVD) reaction is intended, there is no need to purge between the
exposure to the first and second precursor. For a CVD reaction, the first and second precursors

may be exposed simultaneously.

[0026] In a traditional time-domain ALD process, the entire processing chamber might be
purged of the first precursor before exposure to the second precursor. In a spatial ALD
process, the first precursor and the second precursor are flowed into separate portions of the
processing chamber and are separated by a gas curtain to prevent gas phase reactions. In the
spatial process, the substrate is moved between the different regions of the processing chamber
through the gas curtain so that different portions of the substrate are exposed to the first and

second precursors at the same time.

[0027] In the ALD type process, after formation of the amine-containing film, the amine-
containing film can be exposed to a second precursor. The second precursor comprises a
silicon atom and at least one reactive moiety to form an SiICON film on at least a portion of the
substrate surface. In some embodiments, the reactive moiety of the second precursor
comprises an isocyanato group. In some embodiments, the reactive moiety of the second
precursor comprises an aldehyde. In some embodiments, the reactive moiety of the second
precursor comprises a ketone. In some embodiments, the reactive moiety of the second
precursor comprises an acyl chloride. In some embodiments, the reactive moiety of the second

precursor comprises an anhydride. In some embodiments, the reactive moiety of the second
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precursor is selected from the group consisting of isocyanato, aldehyde, ketone, acyl chloride,

anhydride and combinations thereof.

[0028] In one or more embodiments, the second precursor comprises a compound having

the formula

Ho
RySi =G ~NCO
i1 4_}/

where n is up to about 16, or up to about 15, or up to about 14, or up to about 13, or up to about
12, or up to about 11, or up to about 10, or up to about 9, or up to about 8, or up to about 7, or
up to about 6 or in the range of about 1 to about 8, or in the range of about 1 to about 6, y is in
the range of about 1 to about 3 and R is selected from the group consisting of hydrogen, alkyl

groups, amino groups and combinations thereof.

[0029] In some embodiments, the second precursor comprises a compound having the

formula

where n is up to about 16, or up to about 15, or up to about 14, or up to about 13, or up to about
12, or up to about 11, or up to about 10, or up to about 9, or up to about 8, or up to about 7, or
up to about 6 or in the range of about 1 to about 8, or in the range of about 1 to about 6, y is in
the range of about 1 to about 3, R is selected from the group consisting of hydrogen, alkyl
groups, amino groups and combinations thereof and R’ is selected from the group consisting of

hydrogen, alkyl groups or halides.

[0030] In some embodiments, the second precursor comprises a compound having the

formula

R,Si{

<
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where each y is independently in the range of about 1 to about 2 and R is selected from the

group consisting of hydrogen, alkyl groups, amino groups and combinations thereof.

[0031] In one or more embodiments, the second precursor comprises a compound having

the formula selected from one or more of

O
Hs Af B2y 8 |
RySi—+-C 4-NCO R St C o G R
e 4-}’ b 1 4_}.(.

2

where n is up to about 16, or up to about 15, or up to about 14, or up to about 13, or up to about
12, or up to about 11, or up to about 10, or up to about 9, or up to about 8, or up to about 7, or
up to about 6 or in the range of about 1 to about 8, or in the range of about 1 to about 6, y is in
the range of about 1 to about 3 and R is selected from the group consisting of hydrogen, alkyl

groups, amino groups and combinations thereof,

};

where each y is independently in the range of about 1 to about 2 and R is selected from the

group consisting of hydrogen, alkyl groups, amino groups and combinations thereof.

[0032] In some embodiments, after exposure to the second precursor, the processing
chamber, or substrate surface may be purged of excess or unreacted second precursor. This
prevents any gas phase reactions between the second precursor and a subsequent first

precursor.

[0033] Some embodiments of the method further comprise annealing the SiCON film. The
film can be annealed under an inert atmosphere or a reactive atmosphere. Without being
bound by any particular theory of operation, it is believed that annealing the film can result in
densification and strengthening of the film. In one or more embodiments, the film is annealed
in an environment comprising a silicon-containing gas. In one or more embodiments, the film
is annealed under a gas selected from the group consisting of silane, dichlorosilane,

trichlorosilane, ammonia, oxygen and combinations thereof.
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[0034] The temperature of the deposition process can be less than about 400 °C, 350 °C,
300 °C, 250 °C or 200 °C. In some embodiments, the deposition temperature of the substrate
surface during either the first precursor exposure, the second precursor exposure or both the
first and second precursor exposures can be less than about 400 °C, 350 °C, 300 °C, 250 °C or
200 °C. In one or more embodiments, the substrate surface is maintained at a temperature in
the range of about 25°C to about 400 °C, or in the range of about 50 °C to about 300 °C or in
the range of about 50 °C to about 200 °C during exposure to the first precursor and the second

precursor.
[0035] Example

[0036] A SiCON film was deposited by an MLD process by sequential exposure to
tetraisocyanato silicon (Si(NCO)4); TICS) and ethylenediamine (EDA). FIG. 1 shows an
illustration of the MLD of SiCON involving TICS and ethylenediamine. A silicon substrate
with a native oxide was exposed to 20 seconds of ammonia plasma treatment (100W at 0.78
Torr). The substrate temperature was maintained at 125 °C throughout deposition. The TICS
bubbler was maintained at a temperature of about 70 °C and the EDA bubbler was maintained
at a temperature of about 23 °C. Nitrogen gas was flowed through the TICS bubbler at about
250 sccms and through the EDA bubbler at about 250 sccms. The chamber pressure was
maintained at about 30-35 Torr during deposition with about 35 seconds of purge between
precursors (5 seconds purge and 30 seconds pump). Two hundred cycles of first and second
precursor with intervening purges was performed. A film of about 99A (measured by

ellipsometry) of SICON was deposited with a growth rate of about O.SA/cycle.

[0037] FIG. 2 shows the FTIR spectrum of the deposited film. The FTIR spectrum is
labelled with resonances believed to belong to NH, CH,, C=), H-NCO, and Si-O or Si-N
bonding.

[0038] X-ray photoelectron spectroscopy (XPS) results of the deposited film are shown in
Table 1.

Table 1. XPS Results of the Film Deposited

Cls Nls Ols Si2p

Time (s) | Atomic % | Atomic % | Atomic % | Atomic %
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0.0 28.9 21.7 332 16.2
15.0 11.8 12.6 42.1 335
30.0 5.9 8.4 42.6 43.2
45.0 3.0 54 394 52.2
[0039] Reference throughout this specification to “one embodiment,” ‘certain

bE 2 1

one or more embodiments,” "in some embodiments,"

2% C¢ 2% <

embodiments,” “various embodiments,
or "an embodiment” means that a particular feature, structure, material, or characteristic
described in connection with the embodiment may be included in at least one embodiment of
the disclosure. Furthermore, the appearances of the phrases such as “in one or more
embodiments,” “in certain embodiments,” "in some embodiments,” “in one embodiment” or
“in an embodiment” in various places throughout this specification are not necessarily referring
to the same embodiment of the disclosure. In addition, the particular features, structures,
materials, or characteristics described may be combined in any suitable manner in one or more

embodiments.

[0040]  Although the disclosure herein has been described with reference to particular
embodiments, it is to be understood that these embodiments are merely illustrative of the
principles and applications of the present disclosure. It will be apparent to those skilled in the
art that various modifications and variations can be made to the material, method, and
apparatus of the present disclosure without departing from the spirit and scope of the
disclosure. Thus, it is intended that the present disclosure include modifications and variations

that are within the scope of the appended claims and their equivalents.
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What is claimed is:

1. A method of depositing a film, the method comprising:
exposing at least a portion of a substrate surface to a first precursor comprising
a multi-functional amine to form an amine-containing film on the substrate surface; and
5 exposing the amine-containing film to a second precursor comprising at least
one silicon atom and at least one reactive moiety to form an SICON film on at least a

portion of the substrate surface.

2. The method of claim 1, wherein the multi-functional amine comprises two amine
10 groups.
3. The method of claim 1, wherein the multi-functional amine comprises three amine
groups.
15 4 The method of claim 1, wherein the first precursor comprises a compound having the
formula
{ Hzl »
HaNA-C 7-NH;
n

2

where n is in the range of about 1 and about 6.

20 5. The method of claim 1, wherein the first precursor comprises a compound having the

formula

{ fH:z\li? ( HE\ |
HEN‘%{‘G ,nN“E“C %NHE

where n is in the range of about 1 and about 6.

25 6. The method of claim 1, wherein the first precursor comprises a compound having the

formula
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7.
5
8.
10 9.
10.
15
11.
12.
20
25
13.

13

where n is in the range of about 1 to about 6.

The method of claim 1, wherein the reactive moiety of the second precursor comprises

an isocyanato group.

The method of claim 1, wherein the reactive moiety of the second precursor comprises

an aldehyde.

The method of claim 1, wherein the reactive moiety of the second precursor comprises

a ketone.

The method of claim 1, wherein the reactive moiety of the second precursor comprises

an acyl chloride.

The method of claim 1, wherein the reactive moiety of the second precursor comprises

an anhydride.

The method of claim 1, wherein the second precursor comprises a compound having

the formula

Hy
RySi—H-C 4~NCO
b 4_}[

where n is in the range of about 0 to about 6, y is in the range of about 1 to about 3 and
R is selected from the group consisting of hydrogen, alkyl groups, amino groups and

combinations thereof.

The method of claim 1, wherein the second precursor comprises a compound having

the formula
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14

0

o ool ey M

R /S1-C +—C—R'
1

where n is in the range of about 0 to about 6, y is in the range of about 1 to about 3, R is

4-y
selected from the group consisting of hydrogen, alkyl groups, amino groups and
combinations thereof and R’ is selected from the group consisting of hydrogen, alkyl

5 groups or halides.

14. The method of claim 1, wherein the second precursor comprises a compound having

the formula

R,Si

10 where each y is independently in the range of about 1 to about 2 and R is selected from
the group consisting of hydrogen, alkyl groups, amino groups and combinations

thereof.

15. The method of claim 1, further comprising annealing the SiCON film under a gas
15 selected from the group consisting of silane, dichlorosilane, trichlorosilane, ammonia,

oxygen and combinations thereof.
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