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METHOD AND APPARATUS FOR FORMING
SILICON-CONTAINING INSULATION FILM
HAVING LOW DIELECTRIC CONSTANT

BACKGROUND OF THE INVENTION
[0001] 1. Field of the Invention

[0002] The present invention relates to a method and an
apparatus for forming a silicon-containing insulation film
having a low dielectric constant.

[0003] 2. Description of the Related Art

[0004] As semiconductors have progressed to accommo-
date a demand for high speed and high density in recent
years, a reduction of capacitance between lines is required to
avoid signal delays in the multi-layer wiring technology
field. Because a reduction in the dielectric constant of a
multi-layer wiring insulation film is required in order to
reduce the capacitance between lines, insulation films hav-
ing low dielectric constants have been developed.

[0005] Conventionally, silicon oxide (SiOx) film is formed
by adding oxygen (O,) or nitric oxide (N,O) as an oxidizing
agent to a silicon source gas such as SiH, and Si(OC,Hs),
and applying heat or plasma energy to the source gas. A
dielectric constant (€) of this film was approximately 4.0.

[0006] By contrast, by using a spin-coat method using
inorganic silicon oxide glass (SOG) materials, a low dielec-
tric constant insulation film having a dielectric constant (€)
of approximately 2.3 was formed.

[0007] By using a plasma CVD method with CxFyHz as
a source gas, a low dielectric constant fluorinated amor-
phous carbon film having a dielectric constant (€) of
approximately 2.0-2.4 was formed.

[0008] Further, by using a plasma CVD method using a
silicon-containing hydrocarbon (for example, P-TMOS
(phenyltrimethoxysilane) as a source gas, a low dielectric
constant insulation film having a dielectric constant (€) of
approximately 3.1 was formed.

[0009] Additionally, by using a plasma CVD method
using a silicon-containing hydrocarbon having multiple
alkoxy groups as a source gas, a low dielectric constant
insulation film having a dielectric constant (€) of approxi-
mately 2.5 was formed when optimizing film formation
conditions.

[0010] However, the above-mentioned
approaches have the following problems:

[0011] In the case of the inorganic SOG insulation film
formed by the spin-coat method, there are problems in that
the materials properties are not distributed equally on a
silicon substrate and that a device used for a curing process
after coating the material is expensive.

[0012] In the case of the fluorinated amorphous carbon
film by the plasma CVD method using CxFyHz as a source
gas, there are problems such as low heat resistance (370°
C.), poor adhesion with silicon materials, and low mechani-
cal strength of the film formed.

conventional

[0013] Furthermore, among silicon-containing hydrocar-
bons, when P-TMOS is used, a polymerized oligomer can-
not form a linear structure such as a siloxane polymer
because P-TMOS contains three alkoxy groups. Conse-
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quently, a porous structure is not formed on a silicon
substrate, and hence a dielectric constant cannot be reduced
to a desired degree.

[0014] Additionally, when a silicon-containing hydrocar-
bon containing multiple alkoxy groups is used, a polymer-
ized oligomer can form a linear structure such as a siloxane
polymer by optimizing film formation conditions. Conse-
quently, a porous structure can be formed on a silicon
substrate and a dielectric constant can be reduced to a
desired degree. However, there are problems in that oligo-
mers having the linear structure have weak bonding power
therebetween and thus the mechanical strength of a resultant
film is low.

SUMMARY OF THE INVENTION

[0015] In view of the above-mentioned problems, an
object of the present invention is to provide a method and an
apparatus for forming an insulation film having a low
dielectric constant and high mechanical strength.

[0016] Another object of the present invention is to pro-
vide a method for forming an insulation film having a low
dielectric constant without increasing device costs.

[0017] In an embodiment of the present invention, a
method for forming a silicon-containing insulation film on a
substrate, comprising the steps of: (a) introducing a reaction
gas comprising (i) a source gas comprising a silicon-con-
taining hydrocarbon compound containing multiple cross-
linkable groups, (ii) a cross-linking gas, and (iii) an inert gas,
into a reaction chamber where a substrate is placed; (b)
applying radio-frequency power to create a plasma reaction
space inside the reaction chamber; (c¢) controlling a flow of
the reaction gas and an intensity of the radio-frequency
power to obtain a silicon-containing insulation film on the
substrate; and (d) exposing the insulation film to electron
beam radiation in an electron beam apparatus. In the above,
the electron beam radiation may be conducted to increase
mechanical strength of the insulation film without substan-
tially altering its dielectric constant. Although the above
insulation film has a porous structure, the structure already
possesses relatively high mechanical strength, and thus, by
electron beam treatment, the structure is not collapsed and
the density of the film may be not changed significantly.
Accordingly, it is possible to increase mechanical strength of
the insulation film without substantially altering its dielectric
constant.

[0018] In this connection, in the present invention, pref-
erably, prior to the electron beam irradiation, the insulation
film may have an elastic modulus of 5.0 GPa or higher, and
a dielectric constant of 2.8 or lower, so that the electron
beam irradiation may be conducted to increase the elastic
module by 1-10 GPa without substantially altering the
dielectric constant.

[0019] In an embodiment, the electron beam radiation
comprises the steps of: (I) placing the substrate in a process
chamber; (II) evacuating an electron beam gun chamber
which is connected to the process chamber, wherein a
partition wall is disposed between the process chamber and
the electron beam gun chamber, said partition wall having an
aperture; and (IIT) emitting electrons from an electron beam
gun provided in the electron beam gun chamber toward the
substrate through the aperture. In the above, the pressure in
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the process chamber may be 107 to 10~> Torr in an embodi-
ment. Alternatively, the electron beam radiation may also
comprise the steps of: (I) placing the substrate in a process
chamber; (II) introducing an inert gas (such as helium) into
an electron beam gun chamber which is connected to the
process chamber, wherein a partition wall is disposed
between the process chamber and the electron beam gun
chamber, said partition wall having an aperture; and (III)
emitting electrons from an electron beam gun provided in
the electron beam gun chamber toward the substrate through
the aperture while discharging the inert gas from the electron
beam apparatus. In the above, the pressure in the process
chamber may be 107° to 10~* Torr in an embodiment. In the
above, the electron beam gun may comprise a single fila-
ment and an anode, and the aperture is configured along
outer loci of electrons emitted from the filament onto the
substrate.

[0020] In the present invention, preferably, electrons may
be emitted from a single filament in an irradiation area of
25-3,125 cm?. The area can vary depending on the size of the
substrate and the number of the substrates to be processed
simultaneously in the process chamber, for example. Fur-
ther, the electron beam dose may be 50-10,000 uC/cm?.
Because the efficiency is high in the present invention, even
when the dose of 2,000 4C/cm® or lower can be effective. In
an embodiment, the dose of 100-500 #C/cm?/min (including
200-300 uC/cm>/min) is effective.

[0021] The compounds usable in the present invention will
be explained in detail later. However, for example, the
following may be used: The cross-linkable groups of the
silicon-containing hydrocarbon compound are alkoxy
groups and/or vinyl groups. The cross-linking gas is selected
from the group consisting of alcohol, ether, unsaturated
hydrocarbon, CO,, and N,. The reaction gas further com-
prises an oxygen-supplying gas. The cross-linking gas is a
C,, alkanol. The cross-linking gas is a C,, ether. The
cross-linking gas is a C,_, unsaturated hydrocarbon. The
cross-linking gas is supplied at a flow rate effective to cross
link oligomers of compounds of the source gas, thereby
increasing hardness of an insulation film formed on the
substrate. The reaction gas is excited upstream of the reac-
tion chamber. In an embodiment, the intensity of the radio-
frequency power maybe 1.5 W/em? or higher.

[0022] Further, in another embodiment, a method for
forming a silicon-containing insulation film on a substrate,
may comprise the steps of: (a) introducing a reaction gas
comprising (i) a source gas comprising a silicon-containing
hydrocarbon compound containing plural alkoxy groups, (ii)
a cross-linking gas selected from the group consisting of
C,, alkanol, C, ¢ ether, C; s unsaturated hydrocarbon, CO,,
and N,, and (iii) an inert gas, into a reaction chamber where
a substrate is placed; (b) applying radio-frequency power to
create a plasma reaction space inside the reaction chamber;
(¢) controlling a flow of the reaction gas and an intensity of
the radio-frequency power; and (d) exposing the insulation
film to electron beam radiation in an electron beam appa-
ratus.

[0023] In another aspect, the present invention includes a
method for increasing mechanical strength of a silicon-
containing insulation film formed on a substrate, comprising
the steps of: (I) mixing a cross-linking gas selected into a
source gas comprising a silicon-containing hydrocarbon
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compound containing cross-linkable groups, with an inert
gas; (I) introducing the mixture gas as a reaction gas into a
reaction chamber where a substrate is placed; (III) applying
radio-frequency power to create a plasma reaction space
inside the reaction chamber; (IV) controlling a flow of the
reaction gas and an intensity of the radio-frequency power;
and (V) exposing the insulation film to electron beam
radiation in an electron beam apparatus. In the above, the
radio-frequency power may be a combination of high-
frequency power and low-frequency power. The high-fre-
quency power may have a frequency of 2 MHz or higher,
and the lower-frequency power may have a frequency of less
than 2 MHz. The cross-linkable groups of the silicon-
containing hydrocarbon compound may be alkoxy groups
and/or vinyl groups. The cross-linking gas may be selected
from the group consisting of alcohol, ether, unsaturated
hydrocarbon, CO,, and N.,.

[0024] In the present invention, by using specific electron
beam processing systems, various types of films can be
treated. In this aspect, a method for producing a substrate
having a silicon-containing insulation film formed thereon,
may comprise the steps of: (A) forming a silicon-containing
insulation film on a substrate by plasma reaction in a plasma
CVD apparatus; and (B) exposing the insulation film to
electron beam radiation in an electron beam apparatus,
wherein the electron beam radiation comprises the steps of:
(2) placing the substrate in a process chamber; (b) evacuat-
ing an electron beam gun chamber which is connected to the
process chamber, wherein a partition wall is disposed
between the process chamber and the electron beam gun
chamber, said partition wall having an aperture; and (c)
emitting electrons from an electron beam gun provided in
the electron beam gun chamber toward the substrate through
the aperture, wherein the electron beam gun comprises a
filament and an anode, and the aperture is configured along
outer loci of electrons emitted from the filament onto the
substrate. Alternatively, a method for producing a substrate
having a silicon-containing insulation film formed thereon,
may comprise the steps of: (A) forming a silicon-containing
insulation film on a substrate by plasma reaction in a plasma
CVD apparatus; and (B) exposing the insulation film to
electron beam radiation in an electron beam apparatus,
wherein the electron beam radiation comprises the steps of:
(2) placing the substrate in a process chamber; (b) introduc-
ing an inert gas into an electron beam gun chamber which is
connected to the process chamber, wherein a partition wall
is disposed between the process chamber and the electron
beam gun chamber, said partition wall having an aperture;
and (c¢) emitting electrons from an electron beam gun
provided in the electron beam gun chamber toward the
substrate through the aperture while discharging the inert
gas from the electron beam apparatus, wherein the electron
beam gun comprises a filament and an anode, and the
aperture is configured along outer loci of electrons emitted
from the filament onto the substrate. The conditions
described above can be applied to the above embodiment. In
an embodiment, the aperture is circular or is formed in a
truncated conical shape. However, the shape of the aperture
can vary depending on the arrangement of substrates in the
process chamber, for example. A square, rectangular, oval
shape and the like can be used.

[0025] In the above, preferably, prior to the electron beam
irradiation, the insulation film may have an elastic modulus
of 5.0 GPa or higher (more preferably 7.0 GPa or higher,
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e.g., 8.0-12.0 GPa), and a dielectric constant of 2.8 or lower
(however, in some cases, 2.9, 3.0), so that the electron beam
irradiation may be conducted to increase the elastic module
by 1-10 GPa without substantially altering the dielectric
constant.

[0026] Additionally, the method may further comprise
generating magnetic fields separately in the x-axis and in the
y-axis with respect to a surface of the insulation film to
control loci of electrons to scan two-dimensionally the
surface of the insulation film. The frequency used for the
x-axis may be 10-100 Hz, and the frequency used for the
y-axis may be 100-1,000 Hz. Further, the frequency used for
the y-axis may not be mathematically divisible by the
frequency used for the x-axis.

[0027] In still another aspect, the present invention
includes an electron-beam irradiation apparatus for treating
a film formed on a substrate, comprising: (i) an electron
beam gun chamber comprising a filament electron-beam gun
comprised of a single filament and an anode for generating
electrons, and a coil for controlling loci of electrons; (ii) a
process chamber for processing a substrate, connected to the
electron beam gun chamber, said process chamber compris-
ing a supporting structure for supporting a substrate; and (iii)
a partition wall disposed between the process chamber and
the electron beam gun chamber, said partition wall having an
aperture configured based on outer loci of electrons emitted
from the filament onto the substrate; and (iv) an exhaust
system disposed in the vicinity of the aperture.

[0028] In embodiments, the following may be employed:
The filament, anode, aperture, and the supporting structure
are disposed co-axially; the aperture is circular; the aperture
is formed by a truncated conical shape; the aperture is
configured along the outer loci of electrons; the exhaust
system is disposed upstream of the aperture; the coil is for
generating magnetic fields separately in the x-axis and in the
y-axis with respect to a surface of the substrate to control
loci of electrons to scan two-dimensionally the surface of the
substrate.

[0029] In another embodiment, the apparatus may further
comprise an intermediate chamber disposed between the
electron beam gun chamber and the process chamber, and
the intermediate chamber is provided with the exhaust
system, wherein the partition wall is provided in the inter-
mediate chamber or between the intermediate chamber and
the process chamber. In still another embodiment, the appa-
ratus may further comprise a static electricity eliminator
provided in the process chamber, said static electricity
eliminator being selected from the group consisting of a UV
radiation device and a device for introducing an ionized gas
into the process chamber.

[0030] The process chamber can be configured to be
connected to a multi-chamber type plasma CVD apparatus,
so that an entire system can be constituted.

[0031] For purposes of summarizing the invention and the
advantages achieved over the related art, certain objects and
advantages of the invention have been described above. Of
course, it is to be understood that not necessarily all such
objects or advantages may be achieved in accordance with
any particular embodiment of the invention. Thus, for
example, those skilled in the art will recognize that the
invention may be embodied or carried out in a manner that
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achieves or optimizes one advantage or group of advantages
as taught herein without necessarily achieving other objects
or advantages as may be taught or suggested herein.

[0032] Further aspects, features and advantages of this
invention will become apparent from the detailed descrip-
tion of the preferred embodiments which follow.

BRIEF DESCRIPTION OF THE DRAWINGS

[0033] These and other features of this invention will now
be described with reference to the drawings of preferred
embodiments which are intended to illustrate and not to limit
the invention.

[0034] FIG. 1 is a schematic diagram illustrating a con-
figuration of an electron beam apparatus in an embodiment
of the present invention.

[0035] FIG. 2 is a schematic diagram illustrating a con-
figuration of an electron beam apparatus in an alternative
embodiment of the present invention.

[0036] FIG. 3 is a schematic diagram illustrating a con-
figuration of an electron beam apparatus in a further alter-
native embodiment of the present invention.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

[0037] 1In a first invention of the present invention, as a
first step, by using a plasma CVD method, a silicon-
containing insulation film having a low dielectric constant
and relatively high mechanical strength is formed; as a
second step, the mechanical strength of the insulation film
formed is further increased by electron beam treatment.

[0038] As a method for forming a low dielectric constant
insulation film by using a plasma CVD method, a usable
method comprises a step of introducing a reaction gas
comprising (i) a source gas comprising a silicon-containing
hydrocarbon compound containing multiple cross-linkable
groups, (i) an inert gas, (iii) an oxygen-supplying gas
according to need, and (iv) a cross-linking gas further
according to need, into a reaction chamber where a substrate
is placed; a step of applying radio-frequency power to create
a plasma reaction space inside the reaction chamber; and a
step of controlling a flow of the reaction gas and an intensity
of the radio-frequency power. By using a silicon-containing
hydrocarbon compound containing cross-linkable groups as
a source gas, a dielectric film having high mechanical
strength can be obtained in spite of having a porous struc-
ture. In the above, in an embodiment, the cross-linkable
groups of the silicon-containing hydrocarbon compound are
alkoxy groups and/or vinyl groups. The oxygen-supplying
gas may be selected from the group consisting of O, and
N, O. Further, in an embodiment, the cross-linkable gas may
be selected from the group consisting of alcohol, ether,
unsaturated hydrocarbon, CO,, and N,. Alcohol may be
selected from the group consisting of, for example, C,
aklanol and C,_,, cycloalkanol. Unsaturated hydrocarbon
may be selected from the group consisting of C, s unsatur-
ated hydrocarbon, a C,_;, aromatic hydrocarbon unsaturated
compound, and a C, ,, alicyclic hydrocarbon unsaturated
compound. Ether may be selected from the group consisting
of C;_,, ether and a Cy_,, cycloalkanol vinyl compound.

[0039] Additionally, in an embodiment, the source gas

may be a compound having the formula SO, ,R2, g,
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2(0C,H,,, ;) Wherein, for example, . is an integer of 1-3,
Pis 2 or 3, n 1s an integer of 1-3, and R is attached to Si and
selected from the group consisting of C;_;, hydrocarbon,
C. fluorohydrocarbon, C,_;, perfluorocarbon, H, D, F, Cl,
Br, and 1. o may be an integer of 2, and § may be 2. In an
embodiment, R may be C,_ ¢ hydrocarbon.

[0040] In embodiments, at least as a source gas, one type
or more may be selected from dimethyl-dimethoxysilane
(DM-DMOS), 1,3-dimethoxytetramethyldisiloxane
(DMOTMDS),  1,3-divinyltetramethyldisiloxan,  divi-
nyldimethylsilane (DVDMS), 1,3,5-trimethyl-1,3,5-trivi-
nyleyclotrisiloxan (1,3,5TVS), methylvinyldimethoxysilane
(MV-DMOS), divinyldiethylsilane (DV-DES), and dieth-
yldithoxysilane (DE-DEOS).

[0041] The inert gas can be selected from the group
consisting of Ar, Ne, and He. The cross-linking gas may be
selected from the group consisting of ethylene glycol, 1,2-
propanediol, isopropyl alcohol, diethyl ether, diisopropyl
alcohol, ethylene, CO,, and N,.

[0042] The above-mentioned first step is described more
specifically.

[0043] In an embodiment of the present invention, a
method is provided to form a silicon-containing insulation
film on a substrate by plasma reaction, comprising the steps
of: (a) introducing a reaction gas comprising (i) a source gas
comprising a silicon-containing hydrocarbon compound
containing multiple cross-linkable groups, (ii) a cross-link-
ing gas, and (iii) an inert gas, into a reaction chamber where
a substrate is placed; (b) applying radio-frequency power to
create a plasma reaction space inside the reaction chamber;
and (¢) controlling a flow of the reaction gas and an intensity
of the radio-frequency power. In an embodiment, the method
forms a silicon-containing insulation film on a substrate by
plasma reaction, comprising the steps of: (A) introducing a
reaction gas comprising (I) a source gas comprising at least
one silicon-containing hydrocarbon compound containing
plural alkoxy groups, (IT) a cross-linking gas selected from
the group consisting of C1-6 alkanol, C1-6 ether, C1-6
unsaturated hydrocarbon, CO,, and N,, and (III) an inert
gas, into a reaction chamber where a substrate is placed; (B)
applying radio-frequency power to create a plasma reaction
space inside the reaction chamber; and (C) controlling a flow
of the reaction gas and an intensity of the radio-frequency
power.

[0044] As described above, the present invention includes
various embodiments. For example, the radio-frequency
power may be a combination of high-frequency power and
low-frequency power. Further, the high-frequency power
may have a frequency of 2 MHz or higher (including 5, 10,
15, 20, 25, 30, 40, 50, 60, and 70 MHz, and a range including
any two of the foregoing), and the lower-frequency power
has a frequency of less than 2 MHz (including 1 MHz, 800,
600, 400, 200, 100 KHz, and a range including any two of
the foregoing). Alternatively, the radio-frequency power can
be a single frequency power. The intensity of the radio-
frequency power may be 1.5 W/ecm2 or higher, and when
overlaying low-frequency RF power, the intensity of the
high-frequency power may be 1.5 W/cm?2 or higher, and the
intensity of the low-frequency power may be 0.01 W/cm?2 or
higher. More than two RF power frequencies can be over-
laid. For example, high-frequency power (e.g., 20-30 MHz),
intermediate-frequency power (e.g., 1-5 MHz), and low-
frequency power (e.g., 200-800 kHz) can be overlaid.
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[0045] The source gas may be a compound having the
formula SicOa-1R2a-f+2(0OCnH2n+1)f wherein o is an
integer of 1-3, B is 2 or 3, n is an integer of 1-3, and R is
attached to Si and selected from the group consisting of
C1-12 hydrocarbon, C1-12 fluorohydrocarbon, C1-12 per-
fluorocarbon, H, D, F, Cl, Br, and I. In an embodiment, R
may be C1-6 hydrocarbon. The source gas can also be
comprised of a mixture of one or more of the compounds
described by the formula above. In an embodiment, o is 1
or 2, and f is 2. This type of source gas is disclosed in U.S.
Pat. No. 6,352,945, U.S. Pat. No. 6,383,955, and U.S. Pat.
No. 6,432,846, all of which are incorporated herein by
reference in their entirety. In embodiments, the source gas
may be dimethyl-dimethoxysilane (DM-DMOS), 1,3-
dimethoxytetramethyldisiloxane (DMOTMDS), or phenyl-
methyl dimethoxysilane (PM-DMOS). Different source
gases can be mixed or a single source gas can be used alone.
An additional molecule that might be a useful additive to the
sources listed above is 1,3-divinyl tetramethylsilane
(DVTMS, [CH2=CH2Si(CH3)2]20). Such a silicon-con-
taining compound having unsaturated hydrocarbons can be
useful to improve the mechanical strength by promoting
cross-linking molecules.

[0046] The flow rate of a reaction gas and the intensity of
RF power are controlled to form an insulation film having a
hardness (mechanical strength) of 1.0 GPa or higher, or 2.5
GPa or higher, depending on the type of source gas, for
example.

[0047] The inert gas can be any suitable inert gas includ-
ing Ar, Ne and He. The reaction gas may further comprise
an oxygen-supplying gas. The oxygen-supplying gas can be
any suitable gas which can supply oxygen and may include
0,, NO, O;, H,O and N,O. In an embodiment, the oxygen-
supplying gas may be supplied at a flow rate lower than that
of the source gas. The inert gas may be supplied at a flow
rate of 15-300% (50% or more in an embodiment) of that of
the source gas.

[0048] In an embodiment, the cross-linking gas may be a
C,_, alkanol such as ethylene glycol, 1,2-propanediol, and
isopropyl alcohol. In another embodiment, the cross-linking
gas may be a C,_, ether such as diethyl ether. In still another
embodiment, the cross-linking gas may be a C,_, unsaturated
hydrocarbon such as C,H,, C;H,, C;H,, C,Hg, C;H5(CH,),
and C;H,(CH,),. Compounds having a skeleton of a higher
number of carbon atoms such as C,_;, aromatic hydrocar-
bons and C, ,, alicyclic hydrocarbons can also be used as
cross-linkers if they posses reactive groups, which com-
pounds include, but are not limited to: C,_;, cycloalkanol
such as 1,4-cyclohexane diol (b.p. 150° C./20 mm), 1,4-
cyclohexane dimethanol (b.p. 283° C.), and 1,3-cyclopen-
tane diol (80-85° C./0.1 Torr); and C,_;, alicylic hydrocar-
bon  unsaturated  compounds  such as 1,2,4-
trivinylcyclohexane (b.p. 85-88° C./20 mm).

[0049] Further, compounds having multiple reactive
groups (‘mixed’ functionalities, i.e., unsaturated hydrocar-
bon and alcohol functionalities) can also be used as cross-
linkers, which include, but are not limited to: C, ., ether
such as ethylene glycol vinyl ether H,C=CHOCH,OH (b.p.
143° C), ethylene glycol divinyl ether
H C=CHOCH,CH,0CH=CH, (b.p. 125-127° C.), and
1,4-cyclohexane dimethanol divinyl ether (b.p. 126° C./14
mm) (H,C=C(OH)—CH,),—(CH,),); and Cs_;, cycloal-
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kanol vinyl compounds such as 1-vinylcyclohexanol (b.p.
74° C./19 mm). The higher-molecular weight type sources
identified above can incorporate the desired cross-linking
ligands in combination with cyclic compounds. These
enable the achievement of the desired enhancement in
hardness (e.g., mechanical strength) without compromising
the dielectric constant because they can cross-link the linear
siloxane chains, but also reduce the density of the films to a
higher degree than other types of sources.

[0050] The cross-linking gas can be used singly or in any
combination of the foregoing. The cross-linking gas may be
supplied at a flow rate effective to cross link oligomers of
compounds of the source gas, thereby increasing mechanical
strength of an insulation film formed on the substrate. The
flow rate of the cross-linking gas may be 20-500% of that of
the source gas, depending on the type of source gas, for
example.

[0051] In an embodiment, the reaction gas is excited
upstream of the reaction chamber. In this embodiment, the
reaction gas can be excited in a remote plasma chamber
installed upstream of a reactor, and the film is deposited on
a substrate in the reactor. The source gas and the additive gas
(the cross-linking gas and/or the inert gas) can be introduced
into the remote plasma chamber. In this case, a reaction
space is composed of the interior of the remote plasma
chamber, the interior of the reactor, and the interior of the
piping connecting the remote plasma chamber and the
reactor. Because of using the interior of the remote plasma
chamber, the interior of the reactor can be significantly
reduced, and thus, the distance between the upper electrode
and the lower electrode can be reduced. This leads to not
only downsizing the reactor, but also uniformly controlling
a plasma over the substrate surface. Any suitable remote
plasma chamber and any suitable operation conditions can
be used in the present invention. For example, usable are the
apparatus and the conditions disclosed in U.S. patent appli-
cations Ser. No. 09/511,934 filed Feb. 24, 2000 and Ser. No.
09/764,523 filed Jan. 18, 2001, U.S. Pat. No. 5,788,778, and
U.S. Pat. No. 5,788,799. The disclosure of each of the above
is incorporated herein by reference in its entirety.

[0052] Further, the excitation of the reaction gas may
comprise exciting the additive gas and contacting the excited
additive gas and the source gas. The excitation of the
reaction gas can be accomplished in the reactor or upstream
of the reactor. As described above, both the source gas and
the additive gas can be excited in a remote plasma chamber.
Alternatively, the excitation of the reaction gas can be
accomplished by exciting the additive gas in a remote
plasma chamber and mixing it with the source gas down-
stream of the remote plasma chamber. Alternatively, the
reaction gas can be heated in a pre-heat chamber installed
upstream of a reactor, the reaction gas is excited in the
reactor, and film is deposited on the substrate in the reactor.
The source gas and the additive gas can be introduced into
the pre-heater chamber. In this case, the reaction space is
composed of the interior of the pre-heater chamber, the
interior of the reactor, and the interior of the piping con-
necting the pre-heater chamber and the reactor. Because of
using the interior of the pre-heater chamber, the interior of
the reactor can be significantly reduced, and thus, the
distance between the upper electrode and the lower electrode
can be reduced. This leads to not only downsizing the
reactor, but also uniformly controlling a plasma over the
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substrate surface. Any suitable remote plasma chamber and
any suitable operation conditions can be used in the present
invention. For example, usable are the apparatus and the
conditions disclosed in the aforesaid references.

[0053] Further, the excitation of the reaction gas com-
prises exciting the additive gas and contacting the excited
additive gas and the source gas. In this embodiment, the
additive gas can be excited in a remote plasma chamber, and
the source gas is heated in a pre-heater chamber where the
excited additive gas and the source gas are in contact, and
then the reaction gas flows into the reactor for deposition of
a film. In this case, deposition of unwanted particles on a
surface of the remote plasma chamber, which causes a
failure of ignition or firing, can effectively be avoided,
because only the additive gas is present in the remote plasma
chamber. The source gas is mixed with the excited additive
gas downstream of the remote plasma chamber.

[0054] In another embodiment, alternative plasma condi-
tions such as use of pulsed plasma for the high and/or low
frequency radiation can be employed for further stabilization
of film deposition. For example, cycles of 10-100 msec and
a duty (radiation period/(radiation period+non-radiation
period)) of 10-90% may be preferable.

[0055] In another aspect of the present invention, a
method is provided to increase mechanical strength of a
silicon-containing insulation film formed on a substrate,
comprising the steps of: (a) mixing a cross-linking gas
selected from the group consisting of C,  alkanol, C, ¢
ether, C, ¢ unsaturated hydrocarbon, CO,, and N,, into a
source gas comprising a silicon-containing hydrocarbon
compound containing plural alkoxy groups, with an inert
gas; (b) introducing the mixture gas as a reaction gas into a
reaction chamber where a substrate is placed; (c) applying
radio-frequency power to create a plasma reaction space
inside the reaction chamber; and (d) controlling a flow of the
reaction gas and an intensity of the radio-frequency power.
The above described features can be applied to this aspect.

[0056] In order to form oligomers in the present invention,
the residence time of a reaction gas may be controlled as
disclosed in U.S. Pat. No. 6,352,945, U.S. Pat. No. 6,383,
955, and U.S. Pat. No. 6,432,846, all of which are incorpo-
rated herein by reference in their entirety.

[0057] The flow rate of the reaction gas is determined
based on the intensity of RF power, the pressure selected for
reaction, and the type of source gas and cross-linking gas.
The reaction pressure is normally in the range of 1-10 Torr,
preferably 3-7 Torr, so as to maintain a stable plasma. This
reaction pressure is relatively high in order to lengthen the
residence time of the reaction gas. The total flow of the
reaction gas is important for reducing the relative dielectric
constant of a resulting film. In general, the longer the
residence time, the lower the relative dielectric constant
becomes. The source gas flow necessary for forming a film
depends on the desired deposition rate and the area of a
substrate on which a film is formed. For example, in order
to form a film on a substrate [r(radius)=100 mm] at a
deposition rate of 300 nm/min, at least 50 sccm of the source
gas (preferably 100-500 sccm, including 150, 200, 250
scem) is expected to be included in the reaction gas.

[0058] In order to adjust the reaction in the vapor phase,
it is effective to add a small amount of an inert gas to the
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reaction chamber. Helium (He) and Argon (Ar) are inert
gases and have different first ionization energies of 24.56 eV
and 15.76 eV, respectively. Thus, by adding either He or Ar
singly or both in combination in predetermined amounts, the
reaction of the material gas in the vapor phase can be
controlled. Additionally or alternatively, neon (Ne) can be
used for the same purpose. Molecules of the reaction gas
undergo polymerization in the vapor phase, thereby forming
oligomers. The oligomers are expected to have an O:Si ratio
of 1:1. However, when the oligomers form a film on the
substrate, the oligomers undergo further polymerization,
resulting in a higher oxygen ratio. The ratio varies depend-
ing on the relative dielectric constant or other characteristics
of a film formed on the substrate. In view of the above and
also reaction efficacy, oxygen is supplied to adjust a Si/O
ratio in the reaction gas.

[0059] As the above process and compound, for example,
the process and compound disclosed in U.S. patent appli-
cation Ser. No. 10/351669 filed on Jan. 24, 2003 may be
used. The disclosure of the above is incorporated herein by
reference in its entirety. By using such methods, an insula-
tion film having a low dielectric constant (of 2.8 or lower in
an embodiment; further 2.7, 2.6, 2.5, 2.4, 2.3, and a range
including any one of the foregoing) and relatively high
mechanical strength (an elastic modulus of 5.0 GPa or
higher in an embodiment; further 6.0 GPa, 7.0 GPa, 8.0 GPa,
9.0 GPa, 10.0 GPa, 11.0 GPa, and a range including any one
of the foregoing) can be formed. In the present invention, a
second step further increasing the mechanical strength by
exposing the insulation film to electron beam radiation is
conducted.

[0060] For the purpose of improving the mechanical
strength and stability of thin films such as insulation films,
low dielectric constant films and resist films used for semi-
conductor manufacturing, methods of curing the thin films
by irradiation of electron beam, ultra-violet ray, etc. have
been examined. Particularly, in order to improve low dielec-
tric constant films, electron beam irradiation is effective. As
an electron beam source used for this purpose, there are two
methods: a filament electron beam gun method accelerating
thermo electrons emitted by heating a metal by a voltage
difference between the electrodes and a plasma electron
beam gun method using plasma electrons.

[0061] The filament electron beam gun method uses a
metal having high heat resistance such as tungsten as a
filament by heating it by resistance heating to a high
temperature. In this case, if a reactive gas such as oxygen
atoms exists in a space wherein the filament is placed, a
phenomenon that the filament metal deteriorates by reacting
to the gas occurs. Additionally, gas molecules near the
filament are ionized by colliding against accelerated elec-
trons; the ionized molecules are accelerated toward the
filament by an electric field for accelerating the electrons,
and collide against the filament portion. This phenomenon
further accelerates deterioration of the filament portion. Due
to this deterioration, the lifetime of the filament decreases
and the frequency of replacing the filament increases. As a
result, a continuous operation cycle of the electron beam
irradiation process shortens, and eventually process through-
put drops. Additionally, the deteriorated filament portion
causes contamination by metal shatters, thereby causing
serious problems in semiconductor reliability. Particularly,
because a large amount (approximately 10%-70%) of oxy-
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gen is contained in an insulation film or a low dielectric
constant film, degasification occurs from within the film by
electron beam irradiation, thereby causing significant dam-
age to the electron beam gun portion.

[0062] As a method for protecting the filament portion
from these reactive gases, a method for blocking degasifi-
cation from a process chamber where a substrate is placed by
isolating an electron beam gun chamber where the filament
and the accelerating electrodes are placed from the process
chamber by a metal thin film such as Si has been proposed.
For example, in U.S. Pat. No. 5,414,267, U.S. Pat. No.
6,239,543, a vacuum-tube type electron-beam gun possess-
ing an electron-beam irradiation aperture is disclosed. The
above aperture comprises a thin film such as Si and Ti,
thereby isolating the filament from degasification. In order
to cover a broad range by this tube type, multiple electron
beam guns are provided.

[0063] Electrons, however, are absorbed after having pen-
etrated into a metal thin film, thereby causing an electron
dose loss problem. When increased accelerating voltage is
used, the penetrating power of electron beam decreases
exponentially. Additionally, if the radiation dose is
increased, a heat generation problem occurs. Thickening a
blocking film can be considered in order to prevent damage
caused by heat generation. Thickening the film, however,
further increases the electron loss.

[0064] In order to expose a thin film used for semicon-
ductor manufacturing to electrons, controlling the acceler-
ating voltage is required to lower electron energy so that the
electron energy does not reach a transistor portion formed in
the vicinity of a substrate; lowering the electron energy to
the utmost is preferable. When a low dielectric constant film
having low density is exposed to electron beam, low energy
irradiation of approximately 20 keV or lower is required. If
the blocking film is used, electron loss is significant, and the
required irradiation dose cannot be obtained in view of
throughput.

[0065] Additionally, instead of the tube type of the appa-
ratus, an apparatus using a large-area electron source is
disclosed in U.S. Pat. No. 5,003,178, U.S. Pat. No. 6,582,
777. Because it is difficult that an embodiment using a
large-area electron source possesses a large vacuum window
and maintains a high vacuum, a grid anode is provided
between a vacuum chamber and a target in the above-
mentioned apparatus; a plasma is maintained while protect-
ing electrons from reaching the target by making a distance
between the cathode and the grid less than the mean free
path length of electrons leaving the cathode. The configu-
ration of the same kind, however, cannot be applied to the
filament electron beam gun type.

[0066] As described above, although electron-beam appa-
ratuses have special apparatus characteristics according to
the types, any types can be used for the above-mentioned
second step process of the insulation film. As the process
conditions, the conditions applied to the second invention of
the present invention described later can be applied. How-
ever, because the above insulation film already possesses
high mechanical strength and a low dielectric constant, the
electron beam irradiation can be conducted in a wide range
of conditions without setting a particular limit and desired
film characteristics can be achieved.

[0067] In an embodiment, the mechanical strength can be
enhanced while keeping a dielectric constant low, by setting
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the conditions for exposing the silicon-containing insulation
film to electron beam radiation to: Emission current at 1-100
mA (preferably 5-50 mA,; accelerating voltage at 0.1 k-100
kV (preferably 1 k-15 kV); a semiconductor temperature at
10-600° C. (preferably 50-550° C.); the dose at 1-100,000
uC/em’ (preferarably 100-5,000 uC/cm?); the degree of
vacuum at 107°-10 Torr (preferably 2x107°-5x10~> Torr).
The degree of vacuum in the electron beam irradiation is
adjusted by whether an inert gas is introduced or not; an inert
gas introduced may be selected from the group consisting of
Ar, Ne, and He. The irradiation time is approximately 20
sec.-15 min. (preferably 1 min.-10 min.) and is adjusted
according to a film thickness.

[0068] Consequently, by optimizing the electron beam
irradiation conditions, an insulation film having a dielectric
constant of 2.8 or lower and an elastic modulus of 15 GPa
or higher is formed, or an insulation film having a dielectric
constant of 2.6 or lower and an elastic modulus of 12 GPa
or higher is formed. In other words, without substantially
altering its dielectric constant before and after the electron
beam irradiation (approximately 1% can be increased), the
elastic modulus of the insulation film can be increased by
1-10 GPa (3-7 GPa in an embodiment). Although the above
insulation film has a porous structure, the structure already
possesses relatively high mechanical strength, and thus, by
electron beam irradiation, the structure is not collapsed and
the density of the film is not changed significantly. Accord-
ingly, it is possible to increase mechanical strength of the
insulation film without substantially altering its dielectric
constant.

[0069] No particular restriction is applied to the electron
beam apparatus in the above first invention. However, in an
embodiment, the apparatus possesses the following configu-
ration conditions: The electron beam apparatus provided
with a filament electron beam gun accelerating electrons by
applying an electric field to thermo electrons generated by
heating a metal as an electron source. The electron beam
apparatus comprises a vacuum chamber possessing the
electron beam gun, a magnetic field generation unit for
controlling loci of electrons, and an inert gas introduction
system; and a vacuum chamber comprising an exhaust
system where a substrate is placed; a partition wall is
provided between the electron beam gun chamber and a
process chamber, wherein the partition wall has an aperture
through which electrons and gases can freely pass between
inside the electron beam gun chamber and inside the process
chamber.

[0070] In the above, in an embodiment, the electron beam
gun comprises a single filament and an anode. Additionally,
in an embodiment, a filament, an anode, an aperture, and a
supporting structure supporting a substrate are provided
coaxially. Furthermore, the aperture may also be provided
on the same axis. Additionally, in an embodiment, a bore
diameter of the aperture is smaller than an outside diameter
of the filament and an outside diameter of a substrate; in an
embodiment, a bore diameter of the aperture is larger than an
outside diameter of the filament and smaller than an outside
diameter of a substrate. Furthermore, in an embodiment, an
exhaust port of the inert gas introduction system is disposed
upstream of the filament. Additionally, the process chamber
may comprise a process chamber and an intermediate cham-
ber, and the exhaust system may also be provided in the
intermediate chamber.
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[0071] A second invention in the present invention is a
method for exposing a substrate to a specific electron beam
radiation after an insulation film (a dielectric film) is formed
on the substrate. In this case, insulation film types are not
particularly limited; in addition to the silicon-containing
hydrocarbon insulation film described in the first invention
of the present invention, for example, the silicon-containing
hydrocarbon insulation film disclosed in U.S. Pat. No.
6,455,445, No. 6,432,846, No. 6,514,880, etc. and further
dielectric films other than silicon-containing dielectric films
may be included. With intent to improve mechanical
strength of an insulation film while maintaining its low
dielectric constant, it is preferred to target an oligomer
having siloxane which is a porous insulation film having a
linear structure.

[0072] An embodiment of the second invention is a
method for processing an insulation film formed on a
substrate by exposing it to electron beam radiation. After the
insulation film is formed on the substrate, the method
comprises the steps of: (a) placing the substrate on which the
insulation film is formed in a process chamber; (b) intro-
ducing an inert gas into an electric gun chamber possessing
an electron beam gun comprising a single filament and an
anode, which is provided upstream of the process chamber;
(c) emitting electrons from the electron beam gun; (d) letting
the electrons pass through an aperture provided in a partition
wall disposed between the electron beam gun chamber and
the process chamber while discharging the inert gas from the
electric beam gun chamber (the electron beam gun, the
aperture, and the substrate here are disposed coaxially and
the aperture is formed along the outer loci of electrons
emitted from the electron beam gun toward the substrate);
(e) improving the mechanical strength of the insulation film
by exposing it to electron beam emitted from the electron
beam gun; and (f) exhausting degasification components
generated from the insulation film and the inert gas from the
electron beam gun chamber. In the above, the inert gas can
also be introduced into the process chamber during the
process. Additionally, the aperture is preferably circular and
devoted exclusively to an area necessary and sufficient for
electron beam emitted from the electron beam gun toward
the substrate.

[0073] Another embodiment is a method for processing an
insulation film formed on a substrate by exposing it to
electron beam radiation. After the insulation film is formed
on the substrate, the method comprises the steps of: (a)
placing the substrate on which the insulation film is formed
in the process chamber; (b) obtaining a high vacuum inside
an electron beam gun chamber provided upstream of the
process chamber, wherein an electron beam gun comprising
a filament and an anode is provided; (c) emitting electrons
from the electron beam gun; (d) letting electrons pass
through an aperture provided in a partition wall disposed
between the chamber and the process chamber (the electron
beam gun, the aperture and the substrate here are disposed
coaxially and the aperture is formed along the outer loci of
electrons emitted from the electron beam gun toward the
substrate) (e) improving the mechanical strength of the
insulation film by irradiating an electron beam emitted from
the electron beam gun; and (f) evacuating degasification
components generated from the insulation film and the inert
gas from the electron beam gun chamber. In the above, an
inert gas can also be introduced into the process chamber
during the process. Additionally, the aperture is preferably



US 2005/0034667 Al

circular and is devoted exclusively to an area necessary and
sufficient for electron beam emitted from the electron beam
gun toward the substrate.

[0074] By the above steps, the insulation film can be
exposed to electron beam efficiently while protecting the
electron beam gun. Because a single electron beam gun is
provided and an aperture configured along outer loci of
electrons emitted is provided coaxially, electron beam effi-
ciently reaches the insulation film. As process conditions, in
an embodiment, the mechanical strength can be enhanced
while keeping a dielectric constant low, by setting emission
current at 5-50 mA (10 mA, 20 mA, 30 mA, 40 mA, and a
range including any one of the foregoing); accelerating
voltage at 1 k-15 kV (2 kV, 4kV, 6 kV, 8 kV, 10kV, 12 kV,
and a range including any one of the foregoing); a semi-
conductor substrate temperature at 50-550° C. (100° C.,
200° C., 300° C., 400° C.,500° C., and a range including any
one of the foregoing); the dose at 100-8000 pC/cm® (200
#C/em?, 500 uC/cm?, 1000 uC/cm?, 2000 uC/cm?, 3000
#C/em?, 5000 uC/cm™ and a range including any one of the
foregoing); the degree of vacuum at 2x1075-5x10~> Torr
(5x10 "Torr, 10~ Torr, 5x107° Torr, 5x10~* Torr, and a range
including any one of the foregoing). The degree of vacuum
in the electron beam irradiation process is adjusted by
whether an inert gas is introduced or not; an inert gas
introduced can be selected from the group consisting of Ar,
Ne, and He. The irradiation time is approximately 30 sec.-10
min. (1 min., 2 min., 4 min., 6 min., 8 min., and a range
including any one of the foregoing). In the second invention
as well, a nearly equal effect on mechanical strength
improvement to that of the first invention can be expected.

[0075] An electron beam apparatus which is a third inven-
tion of the present invention possesses the following con-
figuration conditions according to an embodiment: An elec-
tron beam apparatus provided with a filament electron beam
gun accelerating electrons by applying an electric field to
thermo electrons generated by heating a metal as an electron
source. The electron beam apparatus comprises a vacuum
chamber comprising one electron beam gun comprising one
filament and one anode, a magnetic field generation unit for
controlling loci of electrons, and an inert gas introduction
system; and a vacuum chamber comprising an exhaust
system wherein a substrate is placed, wherein a partition
wall is provided between the electron beam gun chamber
and the process chamber; the partition wall has an aperture
through which electrons and gases can freely pass between
inside the electron beam gun chamber and inside the process
chamber. In the above, a supporting structure supporting the
filament, the anode, the aperture, and the substrate is pro-
vided coaxially. Additionally, a bore diameter of the aperture
is larger than an outside diameter of the filament and smaller
than an outside diameter of a substrate and the aperture is
formed along outer loci of electrons emitted from the
electron beam gun. Preferably, the aperture is circular and is
devoted exclusively to an area necessary and sufficient for
electron beam emitted from the electron beam gun toward
the substrate. Furthermore, in an embodiment, an inlet port
of the inert gas introduction system is disposed upstream of
the filament. Additionally, by providing an intermediate
chamber between the electron beam gun chamber and the
process chamber, the exhaust system may be provided in the
intermediate chamber as well as the partition wall may be
disposed in the intermediate chamber. Additionally, in an
embodiment, magnetic fields for controlling loci of electrons
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are generated separately in the x-axis and in the y-axis with
respect to a surface of the insulation film. The frequency
used for the x-axis may be 10-100 Hz, and the frequency
used for the y-axis may be 100-1,000 Hz. Further, in an
embodiment, magnetic fields for controlling loci of electrons
may be generated by selecting the frequency used for the
y-axis being mathematically indivisible by the frequency
used for the x-axis. Additionally, in an embodiment, a static
electricity eliminator being selected from the group consist-
ing of a UV radiation device and a device for introducing an
ionized gas is attached to the process chamber.

[0076] A preferable electron beam apparatus which can be
used in the present invention is described below.

[0077] As anexample, a schematic diagram of the electron
beam apparatus is illustrated in FIG. 1. The electron beam
apparatus which can be used in the present invention is not
limited to this figure. Various changes and modifications can
be made to the embodiments presented herein by those
skilled in the art without departure from the spirit and scope
of this invention.

[0078] The above apparatus is of the type of dispersing
(scanning) by use of point source (one filament) and com-
prises an electron beam gun chamber 1 (a vacuum chamber)
possessing a filament 10 and having an inert gas introduction
system 7, a process chamber 3 (a vacuum chamber) where
a substrate 5 is placed, and an intermediate chamber 2
disposed between the two chambers and possessing an
exhaust system. An exhaust pipe 6, for example, leading to
a turbo pump is connected to the intermediate chamber 2 and
exhausts degasification components from the process cham-
ber 3, and an inert gas from the electron beam gun chamber.
The intermediate chamber 2 is not essential and may be
provided as a prolongation of the process chamber 3. A
filament 10 is not of a vacuum tube type, but is exposed to
the inside of the apparatus. The filament 10 has a cathode
function and generates electron beam to the process chamber
3 by being combined with an anode 8 disposed between the
intermediate chamber 2 and the electron beam gun chamber
1. A shape of the filament 10 is not particularly limited and
can be spiral, coiled, bar-shaped and the like. Additionally,
as a material, a high melting point metal such as tungsten
may be used. Additionally, a surface area of the filament may
be approximately 0.1-20 cm® (0.5 cm?, 1 ecm?, 5 cm?, 10
cm?, 15 cm?, and a range including any one of the forego-
ing). A shape of the anode 8 is not particularly limited and
can be a shape of a ring, a slit, a grid, a porous structure and
the like. In the figure, the anode has a ring shape. A distance
between the filament 10 and the anode 8 can be approxi-
mately 2-50 mm (5 mm, 10 mm, 20 mm, 30 mm, 40 mm,
and a range including any one of the foregoing). Addition-
ally, the anode may not be necessarily disposed between the
electron beam gun chamber and the intermediate chamber
and may be provided within the electron beam gun chamber
without being exposed to the intermediate chamber.

[0079] In order to protect the filament from being dam-
aged by degasification components, the following two mea-
sures are adopted:

[0080] 1) With no gas flowing in, an internal pressure of
the electron beam gun chamber is maintained at a high
vacuum. At this time, an internal pressure of the electron
beam gun chamber is approximately 2x10~° Torr. When an
inert gas is not let flow, the conductance between the
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intermediate chamber 2 and the process chamber 3 becomes
small by narrowing the aperture 9 provided between the
intermediate chamber 2 and the process chamber 3, thereby
enabling to prevent degasification components from flowing
in from the process chamber 3.

[0081] 2) An inert gas is let flow into the electron beam
gun chamber 1 through an inert gas inlet pipe 7. By this, a
gas flow is generated from the electron beam gun chamber
1 and the intermediate chamber 2 toward the process cham-
ber 3, thereby enabling to block degasification components
(oxygen, carbon, hydrogen) flowing into the electron beam
gun chamber from the process chamber 3 and to prevent
damage to the filament caused by the degasification com-
ponents. Although an inert gas amount varies depending on
a capacity of the electron beam gun chamber, irradiation
energy, a type of a substrate, etc., in an embodiment, the
amount is approximately 1-50 sccm (5 scem, 10 scem, 20
scem, 30 scem, 40 scem, and a range including any one of
the foregoing), and an internal pressure of the electron beam
gun chamber is approximately 5x107°-5x107> Torr (5x10~°
Torr, 5x10™* Torr, and a range including any one of the
foregoing). Additionally, as an inert gas, Helium (He) whose
mass number is small is preferable; in addition to He,
nitrogen, argon, etc. may be used. A position of the inert gas
inlet pipe 7 is not particularly limited, but should be pro-
vided in a position forming an inert gas flow in one direction
from the electron beam gun chamber 1 to the intermediate
chamber 2. Additionally, in an embodiment, as illustrated in
this figure, in view of protecting the filament 10, an inert gas
flow is configured to be formed from the filament toward the
aperture 9 (In the figure, an inert gas flows to encircle the
filament, and then flows toward the aperture.). The aperture
9 is provided between the intermediate chamber 2 and the
process chamber 3; it is configured that a gas flow of the
inert gas introduced in the above prevents degasification
components from flowing from the process chamber 3 to the
electron beam gun chamber 3.

[0082] Additionally, because high-energy electron beam
permeates through a substance but loses its energy, provid-
ing the aperture 9 prevents energy loss, thereby enabling
efficient process. A position to provide the aperture is not
particularly limited, but it is desirable to provide the aperture
coaxially with the filament (further with the substrate 5). A
size of the aperture is approximately 0.5-400 cm? (1 cm?, 10
cm?, 50 cm?, 100 cm?, 200 cm?, 300 cm?, and a range
including any one of the foregoing) in cross-section area; its
shape is not particularly limited but may be circular, square,
slit-shaped, of a porous structure or the like.

[0083] Between the filament 10 and the anode 8, in an
embodiment, electrons are accelerated by applying a voltage
of approximately 1-15 kV (2 kV, 5 kV, 10 kV, and a range
including any one of the foregoing). Because an electron
beam gun is not of an isolation type, energy is not lost and
treatment at a low voltage is possible.

[0084] The exhaust system 6 is provided in the interme-
diate chamber 2. By this, a pressure inside the process
chamber can be reduced to approximately 2x107°-5x107>
Torr (5x107° Torr, 5x107* Torr, and a range including any
one of the foregoing), and an inert gas from the electron
beam gun chamber can be exhausted. Additionally, the
exhaust system 6 may also be provided in the process
chamber 3 instead of the intermediate chamber 2.
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[0085] In the process chamber 3, the substrate 5 is to be
placed on the supporting structure 4. The supporting struc-
ture 4 possesses a heating means; a temperature can be
adjusted from room temperature to approximately 550° C.
(50° C., 100° C., 200° C., 300° C., 400° C., 500° C., and a
range including any one of the foregoing). Additionally,
although the process chamber 3 is of a single-wafer-pro-
cessing type in the figure, it can have a configuration for
processing multiple substrates at a time. However, because
of the configuration having one filament, a single-wafer-
processing type is preferable in terms of uniformity. A
distance between the substrate 5 and the anode 8 is, in an
embodiment, approximately 15 ¢cm-150 cm (30 cm, 50 cm,
100 cm, and a range including any one of the foregoing).
Additionally, an irradiation area can be approximately 4
in*-500 in” (10 in?, 50 in?, 100 in®, 200 in?, 300 in?, 400 in?,
and a range including any one of the foregoing).

[0086] Additionally, magnetic fields are generated by a
coil 11 separately in the x-axis and in the y-axis with respect
to a surface of the substrate to control loci of electrons. The
frequency used for the x-axis may be set at 10-100 Hz, and
the frequency used for the y-axis may be 100-1,000 Hz.
Further, magnetic fields for controlling loci of electrons may
be generated by selecting the frequency used for the y-axis
being mathematically indivisible by the frequency used for
the x-axis. Additionally, an ion beam generation device 12 as
a static electricity eliminator being selected from the group
consisting of a UV radiation device, an ion beam irradiation
means, and a device for introducing an ionized gas may be
attached to the process chamber. Although electrons (=) may
be accumulated on an insulation film and charge-up may be
caused nearly on the order of 1 kV, ions (+) can be
eliminated by the static electricity eliminator. Additionally,
an inlet pipe 13 for introducing an inert gas to the process
chamber 3 may be provided.

[0087] FIG. 2 is a schematic diagram illustrating an
alternative embodiment according to the present invention.
In this embodiment, a partition wall 9' is tabular and an inner
circumferential surface along outer loci of electrons as
formed on the wall shown in FIG. 1 is not formed. FIG. 3
is a schematic diagram illustrating a further alternative
embodiment. In this embodiment, similarly to FIG. 2, a
partition wall 9" is tabular; however, it is disposed in a
different position from FIG. 2, i.e., it is provided within the
intermediate chamber 2 and being aligned with the exhaust
system, not on the boundary between the intermediate
chamber 2 and the process chamber 3.

EXAMPLES

[0088] Preferred embodiments of the method for forming
a silicon-containing insulation film having a low dielectric
constant and high mechanical strength according to the
present invention are described below.

[0089] Before starting descriptions, a simple calculating
formula of a scanning depth of electron beam is explained.

[0090] According to “S. Schiller, Electron Beam Technol-
ogy, by John Wiley & Sons, (1983)”,

5=0.0667V>>/p

[0091] S: Electron Path vertical to material surface
(o)

[0092] V: Accelerating voltage (kKV)

[0093] p: Density (g/cm®)



US 2005/0034667 Al

[0094] From this formula, it is seen that changing an
accelerating voltage is required per film thickness processed
and film density.

[0095] It is seen that: When film density is 0.9 g/cm?,
accelerating voltage is 2.3 kV for a film thickness of 300 nm,
3.2 kV for 500 nm, and 7.3 kV for 2000 nm; when film
density is 1.8 g/cm>, accelerating voltage is 3.6 kV for a film
thickness of 300 nm, 4.8 kV for 500 nm, and 11 kV for 2000
nm; and the optimum accelerating voltage range is 1 k-15
kV.

[0096] (Experiment 1)

[0097] Using the electron beam apparatus shown in FIG.
1, an experiment for exposing a low dielectric constant
silicon-containing insulation film formed on a ®300 mm
silicon substrate to electron beam radiation was conducted.
Additionally, the dose was calculated based on emission
current/Scan area. In the case of this experiment, 10 mA/ (52
cmx52 cm)=3.7 uC/cm*sec (i.e., approximately 220 uC/cm
for one-minute treatment) was used.

[0098] Irradiation conditions:

[0099] Reaction gas used for forming an insulation film to
be treated: DMDMOS, helium

[0100] Film thickness: 500 nm
[0101] Accelerating voltage: 4 kV

[010%1 Pressure inside the process chamber: Pre-process,
2x10 Torr (No gas introduction during the process); during
the process, a level of 10~° Torr (During the process, the
pressure gradually drops.)

[0103] Emission current: 10 mA
[0104] Substrate temperature: 150-450° C.

[0105] Magnetic field generation: x-axis=49 Hz; y-axis=
500 Hz

[0106] Time dependence of the dielectric constant and the
elastic modulus when a substrate temperature is changed to
150-450° C. is shown in Table 1. (Because this is a destruc-
tion test to determine the elastic modulus, as the pre-process
dielectric constant and elastic modulus, representative val-
ues are used instead of individual samples.)

TABLE 1

Change in Post-process Dielectric Constant and Elastic Modulus
(Pre-process: k = 2.70, EM = 9.2 GPa)

Substrate Elastic

Temperature  Process Time Dielectric Modulus ~ Total Dose
©C) (min.) Constant (—) (GPa) (uC/em?)
150 1 2.72 111 220
150 2 2.73 13.6 440
150 3 2.71 15.2 660
300 1 2.72 12.5 220
300 2 2.73 15.3 440
450 1 2.71 15.4 220

[0107] From Table 1, even when a substrate temperature is
changed to 150-450° C., it is secen that insulation films
having a dielectric constant of 2.8 or lower and an elastic
modulus of 15 GPa or higher are able to be formed.
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[0108] (Experiment 2)

[0109] Using the electron beam apparatus shown in FIG.
1, an experiment for exposing a low dielectric constant
silicon-containing insulation film formed on a ®300 mm
silicone substrate to electron beam radiation was conducted.

[0110]

[0111] Reaction gas used for forming an insulation film to
be treated: DMDMOS, helium

[0112] Film thickness: 500 nm
[0113] Accelerating voltage: 4 kV

Irradiation conditions:

[0114J Pressure inside the process chamber: Pre-process,
2x10 Torr (No gas introduction during the process); during
the process, a level of 107*-107° Torr (During the process, a
pressure gradually drops.)

[0115] Emission current: 40 mA
[0116] Substrate temperature: 150-450° C.

[0117] Magnetic field generation: x-axis=49 Hz; y-axis=
500 Hz

[0118] Time dependence of the dielectric constant and the
elastic modulus when a temperature is changed to 150-450°
C. is shown in Table 2.

TABLE 2

Change in Post-process Dielectric Constant and Elastic Modulus
(Pre-process: k = 2.70, EM = 9.2 GPa)

Substrate Elastic

Temperature  Process Time Dielectric Modulus ~ Total Dose
“cc) (min) Constant (—) (GPa) (uClem?)
150 0.5 273 10.5 440
150 1 272 12.9 880
150 1.5 273 15.1 1320
300 0.5 271 12.7 440
300 1 273 15.2 880
450 0.5 272 15.1 440

[0119] From Experiments 1 and 2, it is seen that significant
effects are obtained current set in the range of 10-40 mA and
a substrate temperature set in the range from 150-450° C.

[0120] (Experiment 3)

[0121] Using the electron beam apparatus shown in FIG.
1, an experiment for exposing a low dielectric constant
silicon-containing insulation film formed on a ®300 mm
silicon substrate to electron beam radiation was conducted.

[0122]

[0123] Reaction gas used for forming an insulation film to
be treated: DMDMOS, helium

[0124] Film thickness: 500 nm
[0125] Accelerating voltage: 4 kV

[012§J Pressure inside the process chamber: Pre-process
2x10 Torr-5x10~* Torr; during the process, a level of
10 -10~° Torr (During the process, a pressure gradually
drops.)

[0127] Emission current: 20 mA
[0128] Substrate temperature: 300° C.

Irradiation conditions:
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[0129] Magnetic field generation: x-axis=49 Hz; y-axis=
500 Hz

[0130] Pressure dependence of the dielectric constant and
the elastic modulus when a pre-process pressure inside the
process chamber is changed to 2x107°-5x10~* Torr is shown
in Table 3. From the table, it is seen that insulation films
having a dielectric constant of 2.8 or lower and an elastic
modulus of 15 GPa or higher are able to be formed.
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[0141] Change in the dielectric constant and the elastic
modulus when a substrate thickness is 300 nm and 2000 nm
is shown in Table 4.

TABLE 4

Change in Post-process Dielectric Constant and Elastic Modulus
(Pre-process: k = 2.70. EM = 9.2 GPa)

Elastic
Film Thickness Process time Dielectric Modulus ~ Total Dose
TABLE 3 (nm) (min) Constant (—) (GPa) (uC/em?)
Change in Post-process Dielectric Constant and Elastic Modulus 300 0.75 2.71 15.3 165
(Pre-process: k = 2.70, EM = 9.2 GPa) 2000 16 2.73 15.6 3520

Elastic

Pressure Process Time Dielectric Modulus ~ Total Dose

(Torr) (min) Constant (—) (GPa) (uC/em?)
2x107° 1 2.72 15.3 440
5x 107 1 2.73 15.5 440
5x 107 1 2.71 15.2 440
1x 107 1 2.72 15.1 440
5x 107 1 2.73 15.3 440

[0131] From Experiment 3, it is seen that significant
effects are obtained with a pre-process pressure inside the
process chamber set in the range of 2x107°-5x10~* Torr.

[0132] (Experiment 4)

[0133] Using the electron beam apparatus shown in FIG.
1, an experiment for exposing a low dielectric constant
silicon-containing insulation film formed on a ®300 mm
silicon substrate to electron beam radiation was conducted.

[0134] TIrradiation conditions:

[0135] Reaction gas used for forming an insulation film to
be treated: DMDMOS, helium

[0136] Accelerating voltage: 300 nm: 3.0 kV 2000 nm: 9.2
kv

[0137] Pressure inside the process chamber: Pre-process
2x10 Torr (No gas introduction during the process); during
the process, a level of 107> Torr (During the process, a
pressure gradually drops.)

[0138] Emission current: 10 mA
[0139] Substrate temperature: 300° C.

[0140] Magnetic field generation: x-axis=49 Hz; y-axis=
500 Hz

[0142] From Table 4, it is seen that insulation films having
a dielectric constant of 2.8 or lower and an elastic modulus
of 15 GPa or higher are able to be formed even if the total
dose is changed to 165-3520 uC/cm®.

[0143] (Experiment 5)

[0144] Using the electron beam apparatus shown in FIG.
1, an experiment for exposing a low dielectric constant
silicon-containing insulation film formed on a ®300 mm
silicon substrate to electron beam radiation was conducted.

[0145]

[0146] Film thickness: 1000 nm (He was used as an inert
gas for all cases of film formation.)

Irradiation conditions:

[0147] Accelerating voltage: The vicinity of 6 kV
(According to the density of each film, the accelerating
voltage was adjusted: 5.5-6.3 kV)

[0148] Pressure inside the process chamber: 2x10~° Torr
[0149] Emission current: 20 mA

[0150] Substrate temperature: 300° C.

[0151] Process time: 4 min

[0152] Dose: 1760 uC/cm*

[0153] Magnetic field generation: x-axis=49 Hz; y-axis=
500 Hz

[0154] Dielectric constant and elastic modulus values
before and after exposing a low dielectric constant silicon-
containing film formed using each reaction gas (source gas,
cross-linking gas, oxygen-supplying gas) to electron beam
radiation are shown in Table 5.

TABLE 5

Dielectric Constant and Elastic Modulus before/after Exposing Low Dielectric
Constant Silicon-containing Film formed using each reaction gas (source gas,

cross-linking gas, oxygen-supplying gas) to Electron Beam Radiation

Pre- Post-

Reaction Gas process process

Source Gas 1 Source Gas 2 Gas

Cross-linking ~ Oxygen- EM EM

supplying Gas k (GPa) k (GPa)

DMDMOS
DMDMOS
DMDMOS

2.70 9.2 272 154
0, 2.67 8.8 269 152
CO, 0, 2,67 102 269 16.2
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TABLE 5-continued
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Dielectric Constant and Elastic Modulus before/after Exposing Low Dielectric
Constant Silicon-containing Film formed using each reaction gas (source gas,

cross-linking gas, oxygen-supplying gas) to Electron Beam Radiation

Pre- Post-
Reaction Gas process process
Cross-linking ~ Oxygen- EM EM
Source Gas 1 Source Gas 2 Gas supplying Gas k (GPa) k (GPa)
DMDMOS Ethylene glycol 269 103 2.68 15.6
DMDMOS 1,2 propanediol 271 111 273 159
DMDMOS 5 O, 273 101 272 156
*DMDMOS Ethylene 2.59 102 262 153
DMDMOS DVDMS 272 105 273 161
DMDMOS DVDMS O, 273 10,6 271 158
DMDMOS DVDES 271 99 273 153
DMDMOS  1,3,5TVS 2.69 9.4 271 155
DMDMOS  MVDMOS 272 9.6 274 152
DMOTMDS 255 82 258 122
DMOTMDS O, 252 88 253 123
DMOTMDS CO, 2.56 89 259 126
DMOTMDS Isopropyl O, 2.49 85 252 138
alcohol
DMOTMDS Diethyl ether 251 7.6 254 127
DMOTMDS Diisopropyle 255 89 257 130
ether
DMOTMDS DVDMS 2.53 87 253 129
DMOTMDS DVDMS Isopropyl 2.49 84 251 126
alcohol
DMOTMDS DVDES 2.57 85 258 129
DMOTMDS 1,3,5TVS 2.59 88 257 132
DMOTMDS MVDMOS 2.56 8.6 255 125
DVDMS 275 9.6 278 162
DVDES 277 9.7 277 158
1,3,5TVS 276 9.5 278 154
MVDMOS 278 9.8 277 156
DEDEOS 275 9.6 274 153

*In the processes using DMDMOS, film characteristics were satisfactory, but there were

problems in chamber cleaning, etc.

[0155] As described above, according to the present
invention, by exposing low dielectric constant silicon-con-
taining insulation films formed on semiconductor substrates
to electron beam radiation using the electron beam appara-
tus, the mechanical strength of the insulation film is able to
be improved. Additionally, although it was difficult to use
the electron beam irradiation process for industrial purposes
until now, by applying the present invention, damage to the
filament portion decreases and an electric beam apparatus
capable of performing prolonged continuous treatment is
realized.

[0156] Additionally, because the electron beam (EB) has
high energy conversion efficiency, improvement of proper-
ties of a low dielectric constant film, for example, improve-
ment of its mechanical strength can be achieved in a
extremely short period of time (within several minutes to
tens minutes) as compared with the heat curing treatment.
By using the apparatus according to the present invention, a
treatment using lower energy can be conducted, and hence
it is further efficient. Additionally, throughput is remarkably
improved, because a prolonged continuous treatment is
possible.

[0157] Additionally, the present invention includes the
following embodiments:

[0158] 1) A method for forming a silicon-containing insu-
lation film having a low dielectric constant and high

mechanical strength, which is characterized by comprising a
step of forming a low dielectric constant silicon-containing
insulation film on a semiconductor substrate, and a step of
improving mechanical strength by exposing the low dielec-
tric constant silicon-containing insulation film formed to
electron beam radiation using the electron beam apparatus.

[0159] 2) The method for forming a low dielectric con-
stant silicon-containing insulation film according to 1)
above, wherein the low dielectric constant silicon-contain-
ing insulation film is formed by a plasma CVD method
comprising a step of introducing a reaction gas comprising
(i) a source gas comprising a silicon-containing hydrocarbon
compound containing multiple cross-linkable groups, (ii) an
oxygen-supplying gas according to circumstances, (iii) a
cross-linking gas according to circumstances, and (iv) an
inert gas, into a reaction chamber where a substrate is
placed; a step of applying RF power so as to create a plasma
reaction space inside the reaction chamber; a step of con-
trolling a flow rate of the reaction gas and an intensity of the
RF power.

[0160] 3) The method for forming a low dielectric con-
stant silicon-containing insulation film according to 2)
above, wherein the cross-linkable groups of the silicon-
containing hydrocarbon compound are alkoxy groups and/or
vinyl groups.
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[0161] 4) The method for forming a low dielectric con-
stant silicon-containing insulation film according to 2)
above, wherein the oxygen-supplying gas is selected from
the group consisting of O, and N,O.

[0162] 5) The method for forming a low dielectric con-
stant silicon-containing insulation film according to 2)
above, wherein the cross-linking gas is selected from the
group consisting of alcohol, ether, unsaturated hydrocarbon,
CO,, and N,,.

[0163] 6) The method for forming a low dielectric con-
stant silicon-containing insulation film according to 5)
above, wherein the alcohol is selected from the group
consisting of C,  alkanol and C,_,, cycloalkanol.

[0164] 7) The method for forming a low dielectric con-
stant silicon-containing insulation film according to 5)
above, wherein the unsaturated hydrocarbon is selected from
the group consisting of C, , unsaturated hydrocarbon, a
C, ,, aromatic hydrocarbon unsaturated compound, and a
C, ,, alicyclic hydrocarbon unsaturated compound.

[0165] 8) The method for forming a low dielectric con-
stant silicon-containing insulation film according to 5)
above, wherein the ether is selected from the group consist-
ing of C5 5 ether and a Cs_;, cycloalkanol vinyl compound.

[0166] 9) The method for forming a low dielectric con-
stant silicon-containing insulation film according to 3)
above, wherein the source gas is a compound expressed by
the formula Si,0, R, _p,.(OCH,,,)f wherein o is an
integer of 1-3, B is 2 or 3, n is an integer of 1-3, and R is
attached to Si and selected from the group consisting of
C.hydrocarbon, C,_,, fluorohydrocarbon, C, ,, perfluoro-
1-12

cailbon, H, D, F, Cl, Br, and 1.

[0167] 10) The method for forming a low dielectric con-
stant silicon-containing insulation film according to 9)
above, wherein . is 1 or 2 and f is 2.

[0168] 11) The method for forming a low dielectric con-
stant silicon-containing insulation film according to 9)
above, wherein R is C,_¢ hydrocarbon.

[0169] 12) The method for forming a low dielectric con-
stant silicon-containing insulation film according to 9)
above, wherein the source gas contains at least Dimeth-
yldimethoxysilane (DMDMOS).

[0170] 13) The method for forming a low dielectric con-
stant silicon-containing insulation film according to 9)
above, wherein the source gas contains at least 1,3-
dimethoxytetramethyldisiloxane (DMOTMDS).

[0171] 14) The method for forming a low dielectric con-
stant silicon-containing insulation film according to 9)
above, wherein the source gas contains at least 1,3-divi-
nyltetramethyldisiloxan (DVTMDS).

[0172] 15) The method for forming a low dielectric con-
stant silicon-containing insulation film according to 3)
above, wherein the source gas contains at least divinyldim-
ethylsilane (DVDMS).

[0173] 16) The method for forming a low dielectric con-
stant silicon-containing insulation film according to 3)
above, wherein the source gas contains at least 1,3,5-
trimethyl- 1,3,5-trivinyleyclotrisiloxan (1,3,5-TVS).
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[0174] 17) The method for forming a low dielectric con-
stant silicon-containing insulation film according to 9)
above, wherein the source gas contains at least MV-DMOS.

[0175] 18) The method for forming a low dielectric con-
stant silicon-containing insulation film according to 9)
above, wherein the source gas contains at least DV-DES.

[0176] 19) The method for forming a low dielectric con-
stant silicon-containing insulation film according to 3)
above, wherein the source gas contains at least DE-DEOS.

[0177] 20) The method for forming a low dielectric con-
stant silicon-containing insulation film according to 2)
above, wherein the inert gas is selected from the group
consisting of Ar, Ne, and He.

[0178] 21) The method for forming a low dielectric con-
stant silicon-containing insulation film according to 2)
above, wherein the cross-linking gas is C,_, alkanol.

[0179] 22) The method for forming a low dielectric con-
stant silicon-containing insulation film according to 21)
above, wherein C, , alkanol is ethylene glycol, 1,2-pro-
panediol or isopropyl alcohol.

[0180] 23) The method for forming a low dielectric con-
stant silicon-containing insulation film according to 2)
above, wherein the cross-linking gas is C, ; ether.

[0181] 24) The method for forming a low dielectric con-
stant silicon-containing insulation film according to 23)
above, wherein C, ¢ ether is diethyl ether or diisopropyl
alcohol.

[0182] 25) The method for forming a low dielectric con-
stant silicon-containing insulation film according to 2)
above, wherein the cross-linking gas is C,_, unsaturated
hydrocarbon.

[0183] 26) The method for forming a low dielectric con-
stant silicon-containing insulation film according to 23)
above, wherein C,_, unsaturated hydrocarbon is ethylene.

[0184] 27) The method for forming a silicon-containing
insulation film having a low dielectric constant and high
mechanical strength according to 1) above, wherein the
electron beam irradiation process is conducted by setting the
emission current at 5-50 mA and an accelerating voltage at
1 k-15 kV in the electron beam apparatus.

[0185] 28) The method for forming a silicon-containing
insulation film having a low dielectric constant and high
mechanical strength according to 1) above, wherein the
electron beam irradiation process is conducted by setting a
temperature of the semiconductor substrate at 50-550° C.

[0186] 29) The method for forming a silicon-containing
insulation film having a low dielectric constant and high
mechanical strength according to 1) above, wherein the
electron beam irradiation process is conducted by setting the
dose at 100-10000 uC/cm?.

[0187] 30) The method for forming a silicon-containing
insulation film having a low dielectric constant and high
mechanical strength according to 1) above, wherein the
electron beam irradiation process is conducted by setting the
degree of vacuum at 2x107°-5x10~> Torr.

[0188] 31) The method for forming a silicon-containing
insulation film having a low dielectric constant and high
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mechanical strength according to 30) above, wherein the
degree of vacuum in the electron beam irradiation process is
adjusted by whether an inert gas is introduced or not.

[0189] 32) The method for forming a silicon-containing
insulation film having a low dielectric constant and high
mechanical strength according to 31) above, wherein the
inert gas introduced in the electron beam irradiation process
is selected from the group consisting of Ar, Ne, and He.

[0190] 33) The electron beam apparatus according to 1)
above, which comprises: a vacuum chamber comprising a
filament electron beam gun accelerating electrons by apply-
ing an electric field to thermo electrons generated by heating
a metal as an electron source, a magnetic-field generation
unit for controlling loci of electrons, and an inert gas
introduction system; and a vacuum chamber where a sub-
strate is placed, wherein the electron beam gun chamber and
the process chamber are divided by a partition wall; the
partition wall has an aperture through which electrons and
gases can freely pass between inside the electron beam gun
chamber and inside the process chamber; an exhaust system
is provided in the vicinity of the partition wall.

[0191] 34) The electron beam apparatus according to 33)
above, wherein the electron beam gun comprises a single
filament and an anode.

[0192] 35) The electron beam apparatus according to 33)
above, wherein a supporting structure supporting the fila-
ment, the anode, the aperture and the substrate is provided
coaxially.

[0193] 36) The electron beam apparatus according to 34)
above, wherein the aperture is provided on the same axis.

[0194] 37) The electron beam apparatus according to 34)
above, wherein a bore diameter of the aperture is smaller
than an outside diameter of the substrate.

[0195] 38) The electron beam apparatus according to 34)
above, wherein a shape of the aperture is selected for the
group consisting of a circular shape, a square shape, a slit
shape, a porous structure and a three-dimensional truncated
conical shape.

[0196] 39) The electron beam apparatus according to 34)
above, wherein an inlet port of the inert gas introduction
system is disposed upstream of the filament.

[0197] 40) The electron beam apparatus according to 33)
above, wherein the electron beam gun chamber comprises
the electron gun chamber and an intermediate chamber; the
exhaust system is provided in the intermediate chamber.

[0198] 41) The electron beam apparatus according to 33)
above, wherein degasification components generated from
the substrate and the inert gas are exhausted from the
electron beam gun chamber.

[0199] 42) The electron beam apparatus according to 33)
above, wherein magnetic fields are generated separately in
the x-axis and in the y-axis to control loci of electrons to
scan the substrate.

[0200] 43) The electron beam apparatus according to 33)
above, wherein the magnetic-field generation unit for con-
trolling loci of electrons has two means: generating mag-
netic fields separately in the x-axis and in the y-axis with
respect to a surface of the insulation film to control loci of
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electrons to scan two-dimensionally the surface of the
insulation film and generating magnetic fields to disperse
electron beam.

[0201] 44) The electron beam apparatus according to 42)
or 43) above, wherein the frequency used for the x-axis is
10-100 Hz, and the frequency used for the y-axis is 100-
1000 Hz.

[0202] 45) The electron beam apparatus according to 42)
or 43) above, wherein magnetic fields are generated by
selecting the frequency used for the y-axis being mathemati-
cally indivisible by the frequency used for the x-axis.

[0203] 46) The electron beam apparatus according to 33)
above, further a static electricity eliminator provided to
comprising the process chamber, the static electricity elimi-
nator being selected from the group consisting of a UV
radiation device and a device for introducing an ionized gas
into the process chamber.

[0204] 47) The electron beam apparatus according to 33)
above, wherein the process chamber is connected to a
multi-chamber type plasma CVD apparatus.

[0205] 1t will be understood by those of skill in the art that
numerous and various modifications can be made without
departing from the spirit of the present invention. Therefore,
it should be clearly understood that the forms of the present
invention are illustrative only and are not intended to limit
the scope of the present invention.

What is claimed is:
1. A method for forming a silicon-containing insulation
film on a substrate, comprising the steps of:

introducing a reaction gas comprising (i) a source gas
comprising a silicon-containing hydrocarbon com-
pound containing multiple cross-linkable groups, (ii) a
cross-linking gas, and (iii) an inert gas, into a reaction
chamber where a substrate is placed;

applying radio-frequency power to create a plasma reac-
tion space inside the reaction chamber;

controlling a flow of the reaction gas and an intensity of
the radio-frequency power to obtain a silicon-contain-
ing insulation film on the substrate; and

exposing the insulation film to electron beam radiation in

an electron beam apparatus.

2. The method according to claim 1, wherein the electron
beam radiation is conducted to increase mechanical strength
of the insulation film without substantially altering its
dielectric constant.

3. The method according to claim 1, wherein the electron
beam radiation comprises the steps of:

placing the substrate in a process chamber;

evacuating an electron beam gun chamber which is con-
nected to the process chamber, wherein a partition wall
is disposed between the process chamber and the
electron beam gun chamber, said partition wall having
an aperture; and

emitting electrons from an electron beam gun provided in

the electron beam gun chamber toward the substrate
through the aperture.

4. The method according to claim 3, wherein the electron

beam gun comprises a single filament and an anode, and the
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aperture is configured along outer loci of electrons emitted
from the filament onto the substrate.

5. The method according to claim 3, wherein the pressure
in the process chamber is 107° to 10~ Torr.

6. The method according to claim 1, wherein prior to the
electron beam irradiation, the insulation film has an elastic
modulus of 5.0 GPa or higher, and a dielectric constant of
2.8 or lower, and the electron beam irradiation is conducted
to increase the elastic module by 1-10 GPa without substan-
tially altering the dielectric constant.

7. The method according to claim 1, wherein the electron
beam radiation comprises the steps of:

placing the substrate in a process chamber;

introducing an inert gas into an electron beam gun cham-
ber which is connected to the process chamber, wherein
a partition wall is disposed between the process cham-
ber and the electron beam gun chamber, said partition
wall having an aperture; and

emitting electrons from an electron beam gun provided in
the electron beam gun chamber toward the substrate
through the aperture while discharging the inert gas
from the electron beam apparatus.

8. The method according to claim 7, wherein the pressure
in the process chamber is 107° to 10~ Torr.

9. The method according to claim 7, wherein the inert gas
is helium.

10. The method according to claim 1, wherein electrons
are emitted from a single filament in an irradiation area of
25-3,125 cm®.

11. The method according to claim 1, wherein the electron
beam dose is 50-10,000 uC/cm?.

12. The method according to claim 1, wherein the cross-
linkable groups of the silicon-containing hydrocarbon com-
pound are alkoxy groups and/or vinyl groups.

13. The method according to claim 1, wherein the cross-
linking gas is selected from the group consisting of alcohol,
ether, unsaturated hydrocarbon, CO,, and N.,.

14. The method according to claim 1, wherein the reaction
gas further comprises an oxygen-supplying gas.

15. The method according to claim 1, wherein the cross-
linking gas is a C,_, alkanol.

16. The method according to claim 1, wherein the cross-
linking gas is a C,_, ether.

17. The method according to claim 1, wherein the cross-
linking gas is a C,_, unsaturated hydrocarbon.

18. The method according to claim 1, wherein the cross-
linking gas is supplied at a flow rate effective to cross link
oligomers of compounds of the source gas, thereby increas-
ing hardness of an insulation film formed on the substrate.

19. The method according to claim 1, wherein the reaction
gas is excited upstream of the reaction chamber.

20. The method according to claim 1, wherein the inten-
sity of the radio-frequency power is 1.5 W/cm? or higher.

21. A method for forming a silicon-containing insulation
film on a substrate, comprising the steps of:

introducing a reaction gas comprising (i) a source gas
comprising a silicon-containing hydrocarbon com-
pound containing plural alkoxy groups, (ii) a cross-
linking gas selected from the group consisting of C, 4
alkanol, C,  ether, C,_; unsaturated hydrocarbon, CO,,
and N, and (iii) an inert gas, into a reaction chamber
where a substrate is placed,;
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applying radio-frequency power to create a plasma reac-
tion space inside the reaction chamber;

controlling a flow of the reaction gas and an intensity of
the radio-frequency power; and

exposing the insulation film to electron beam radiation in
an electron beam apparatus.
22. A method for increasing mechanical strength of a
silicon-containing insulation film formed on a substrate,
comprising the steps of:

mixing a cross-linking gas selected into a source gas
comprising a silicon-containing hydrocarbon com-
pound containing cross-linkable groups, with an inert
gas;

introducing the mixture gas as a reaction gas into a
reaction chamber where a substrate is placed,;

applying radio-frequency power to create a plasma reac-
tion space inside the reaction chamber;

controlling a flow of the reaction gas and an intensity of
the radio-frequency power; and

exposing the insulation film to electron beam radiation in

an electron beam apparatus.

23. The method according to claim 22, wherein the
radio-frequency power is a combination of high-frequency
power and low-frequency power.

24. The method according to claim 22, wherein the
high-frequency power has a frequency of 2 MHz or higher,
and the lower-frequency power has a frequency of less than
2 MHz.

25. The method according to claim 22, wherein the
cross-linkable groups of the silicon-containing hydrocarbon
compound are alkoxy groups and/or vinyl groups.

26. The method according to claim 22, wherein the
cross-linking gas is selected from the group consisting of
alcohol, ether, unsaturated hydrocarbon, CO,, and N,.

27. A method for producing a substrate having a silicon-
containing insulation film formed thereon, comprising the
steps of:

forming a silicon-containing insulation film on a substrate
by plasma reaction in a plasma CVD apparatus; and

exposing the insulation film to electron beam radiation in
an electron beam apparatus, wherein the electron beam
radiation comprises the steps of:

placing the substrate in a process chamber;

evacuating an electron beam gun chamber which is con-
nected to the process chamber, wherein a partition wall
is disposed between the process chamber and the
electron beam gun chamber, said partition wall having
an aperture; and

emitting electrons from an electron beam gun provided in
the electron beam gun chamber toward the substrate
through the aperture, wherein the electron beam gun
comprises a filament and an anode, and the aperture is
configured along outer loci of electrons emitted from
the filament onto the substrate.

28. The method according to claim 27, wherein the
electron beam radiation is conducted to increase mechanical
strength of the insulation film without substantially altering
its dielectric constant.
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29. The method according to claim 27, wherein the
pressure in the process chamber is 10° to 10~ Torr.

30. The method according to claim 27, wherein electrons
are emitted from the filament in an irradiation area of
25-3,125 cm®.

31. The method according to claim 27, wherein the
electron beam dose is 50-10,000 4C/cm?.

32. The method according to claim 27, wherein the
aperture is circular or formed in a truncated conical shape.

33. The method according to claim 27, further comprising
generating magnetic fields separately in the x-axis and in the
y-axis with respect to a surface of the insulation film to
control loci of electrons to scan two-dimensionally the
surface of the insulation film.

34. The method according to claim 33, wherein the
frequency used for the x-axis is 10-100 Hz, and the fre-
quency used for the y-axis is 100-1,000 Hz.

35. The method according to claim 34, wherein the
frequency used for the y-axis is not mathematically divisible
by the frequency used for the x-axis.

36. The method according to claim 27, wherein prior to
the electron beam irradiation, the insulation film has an
elastic modulus of 5.0 GPa or higher, and a dielectric
constant of 2.8 or lower, and the electron beam irradiation is
conducted to increase the elastic module by 1-10 GPa
without substantially altering the dielectric constant.

37. A method for producing a substrate having a silicon-
containing insulation film formed thereon, comprising the
steps of:

forming a silicon-containing insulation film on a substrate
by plasma reaction in a plasma CVD apparatus; and

exposing the insulation film to electron beam radiation in
an electron beam apparatus, wherein the electron beam
radiation comprises the steps of:

placing the substrate in a process chamber;

introducing an inert gas into an electron beam gun cham-
ber which is connected to the process chamber, wherein
a partition wall is disposed between the process cham-
ber and the electron beam gun chamber, said partition
wall having an aperture; and

emitting electrons from an electron beam gun provided in
the electron beam gun chamber toward the substrate
through the aperture while discharging the inert gas
from the electron beam apparatus, wherein the electron
beam gun comprises a filament and an anode, and the
aperture is configured along outer loci of electrons
emitted from the filament onto the substrate.

38. The method according to claim 31, wherein the
pressure in the process chamber is 107° to 10~ Torr.

39. The method according to claim 31, wherein the inert
gas is helium.

40. The method according to claim 37, wherein electrons
are emitted from the filament in an irradiation area of
25-3,125 cm®.

41. The method according to claim 37, wherein the
electron beam dose is 50-10,000 u#C/cm?.

42. The method according to claim 37, wherein the
aperture is circular or formed in a truncated conical shape.

43. The method according to claim 37, further comprising
generating magnetic fields separately in the x-axis and in the
y-axis with respect to a surface of the insulation film to
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control loci of electrons to scan two-dimensionally the
surface of the insulation film.

44. The method according to claim 37, wherein the
frequency used for the x-axis is 10-100 Hz, and the fre-
quency used for the y-axis is 100-1,000 Hz.

45. The method according to claim 44, wherein the
frequency used for the y-axis is not mathematically divisible
by the frequency used for the x-axis.

46. The method according to claim 37, wherein prior to
the electron beam irradiation, the insulation film has an
elastic modulus of 5.0 GPa or higher, and a dielectric
constant of 2.8 or lower, and the electron beam irradiation is
conducted to increase the elastic module by 1-10 GPa
without substantially altering the dielectric constant.

47. An electron-beam irradiation apparatus for treating a
film formed on a substrate, comprising:

an electron beam gun chamber comprising a filament
electron-beam gun comprised of a single filament and
an anode for generating electrons, and a coil for con-
trolling loci of electrons;

a process chamber for processing a substrate, connected to
the electron beam gun chamber, said process chamber
comprising a supporting structure for supporting a
substrate; and

a partition wall disposed between the process chamber
and the electron beam gun chamber, said partition wall
having an aperture configured based on outer loci of
electrons emitted from the filament onto the substrate;
and

an exhaust system disposed in the vicinity of the aperture.

48. The apparatus according to claim 47, wherein the
filament, anode, aperture, and the supporting structure are
disposed co-axially.

49. The apparatus according to claim 47, wherein the
aperture is circular or formed in a truncated conical shape.

50. The apparatus according to claim 47, wherein the
aperture is formed in a truncated conical shape.

51. The apparatus according to claim 47, wherein the
aperture is configured along the outer loci of electrons.

52. The apparatus according to claim 47, the exhaust
system is disposed upstream of the aperture.

53. The apparatus according to claim 47, further com-
prising an intermediate chamber disposed between the elec-
tron beam gun chamber and the process chamber, and the
intermediate chamber is provided with the exhaust system,
wherein the partition wall is provided in the intermediate
chamber or between the intermediate chamber and the
process chamber.

54. The apparatus according to claim 47, wherein the coil
is for generating magnetic fields separately in the x-axis and
in the y-axis with respect to a surface of the substrate to
control loci of electrons to scan two-dimensionally the
surface of the substrate.

55. The apparatus according to claim 47, further com-
prising a static electricity eliminator provided in the process
chamber, said static electricity eliminator being selected
from the group consisting of a UV radiation device and a
device for introducing an ionized gas into the process
chamber.

56. The apparatus according to claim 47, wherein the
process chamber is configured to be connected to a multi-
chamber type plasma CVD apparatus.
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