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(57) ABSTRACT 

This invention pertains to a method for forming thin ?lms on 
substrates Wherein the ?lms are produced by applying a 
solution of an electrically insulating, heat-curing resin onto 
the substrate, evaporating the solvent and exposing the resin 
to high energy radiation to cure the resin. The resin solution 
contains a substance selected from solvents and gas gener 
ating additives that causes the dedensi?cation of the ?lm 
during the cure of the resin. This results in a ?lm having a 
dielectric constant of beloW 2.7. This invention also pertains 
to a semiconductor device having an interconnect structure 
comprising at least one electrically conductive layer With an 
interposed insulating layer having a dielectric constant of 
less than 2.7 Wherein the insulating layer is produced by the 
method of this invention. 

(b) 

(c) 

‘ s 

WW 
?//m///AK. 



Patent Application Publication May 31, 2001 US 2001/0002323 A1 

£122.11! 

30, 3b 36 
r/ N r/ 

I\ 
\\\\ \\ 

3’///////// 1 
361 3b 33¢ 

(a V 

l, 

\\ ‘1Q 

1 

3G 5 3b 3c 5 

. ‘s 4 
(<1) \ 2 

1 

6a 6b 

7 

// 
<d> mwzwd 



US 2001/0002323 A1 

SEMICONDUCTOR DEVICE AND METHOD FOR 
THE FABRICATION THEREOF 

FIELD OF THE INVENTION 

[0001] This invention pertains to a process for the forma 
tion of electrically insulating ?lms having loW dielectric 
constants and to semiconductor devices that have an inter 
connect structure comprising at least one electrically con 
ductive layer With an interposed insulating layer. The inven 
tion also relates to methods for the fabrication of 
semiconductor devices of this type. 

BACKGROUND OF THE INVENTION 

[0002] The increasing miniaturiZation of semiconductor 
elements (the increasingly high degree of integration of 
semiconductor devices) has led to the use of multilevel 
interconnect structures on semiconductor substrates. In 
order to reduce parasitic capacitance betWeen conductors, 
material consisting mainly of silicon oxide is generally used 
for the insulating layers in such semiconductor devices. 

[0003] Insulating thins ?lms of silica are knoWn for use as 
protective layers and as insulating layers in electronic 
devices. The use of Wet-coating compositions to form the 
layers is generally Well knoWn. For example, US. Pat. No. 
4,756,977 teaches a process for coating electronic devices 
With a silica thin ?lm by applying a solvent solution of 
hydrogen silsesquioxane resin on a substrate, evaporating 
the solvent, and then heating at temperatures of 150° C. to 
1000° C. to effect conversion into ceramic like silica. 

[0004] It is also knoWn that the dielectric constant of the 
insulating thin ?lm can be reduced by executing the insu 
lating thin ?lm itself as a porous structure. For example, US. 
Pat. No. 5,548,159 has described the formation of an insu 
lating thin ?lm With a porous structure through the use of the 
baked product of hydrogen silsesquioxane resin as the 
dielectric layer in a highly integrated circuit. This patent, 
hoWever, does not disclose a speci?c method for the forma 
tion of the porous structure. 

[0005] Because the miniaturiZation of semiconductor ele 
ments leads to increasingly small interconnect gaps and 
increasingly high aspect ratios betWeen interconnects, large 
?lm thicknesses and an excellent capacity to ?ll betWeen 
interconnects are required of the insulating layers. Highly 
integrated circuits With interconnect gaps declining beloW 
0.18 pm have been designed for semiconductor devices in 
recent years. While highly integrated circuits of this type 
require that the dielectric constant of the insulating layers be 
brought beloW 2.7, even insulating layers formed from 
hydrogen silsequioxane resin have been unable to achieve 
such dielectric constants. 

[0006] An object of this invention is to provide a process 
for forming insulating thin ?lms that have a loW dielectric 
constant. 

[0007] A further object of this invention is to provide 
semiconductor devices having loW dielectric constant insu 
lating layers therein and to the method for the fabrication 
thereof. 

SUMMARY OF THE INVENTION 

[0008] This invention pertains to a method for forming 
electrically insulating thin ?lms Wherein the method com 
prises coating the surface of a substrate With a composition 
comprising 
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[0009] (A) a resin selected from the group consisting 
of electrically insulating, heat-curing organic resins 
and electrically insulating, heat-curing inorganic res 
ins; and 

[0010] (B) a solvent capable of dissolving resin (A) 
and 

[0011] (C) a solvent Whose boiling point or vapor 
pressure curve or af?nity for resin (A) differs from 
that of solvent (B); 

[0012] evaporating at least a portion of the solvents (B) 
and (C); and subsequently exposing the substrate to high 
energy radiation and inducing evaporation of the remaining 
solvents during the course of or after the cure of resin 

[0013] This invention also pertains to a method for form 
ing electrically insulating thin ?lms Wherein the method 
comprises coating the surface of a substrate With a compo 
sition comprising 

[0014] (A) a resin selected from the group consisting 
of electrically insulating, heat-curing organic resins 
and electrically insulating, heat-curing inorganic res 
ins; and 

[0015] (B) a solvent capable of dissolving the resin 
(A); and 

[0016] (D) a substance that is soluble in solvent (B) 
and that can generate gas in the temperature range of 
from 0° C. to 800° C. by heating or by interaction 
With resin (A); 

[0017] evaporating the solvent (B); and subsequently 
exposing the substrate to high energy radiation and inducing 
the generation of gas from the substance (D) during the 
course of or after the cure of the resin 

[0018] The processes of this invention results in a porosi 
?cation or dedensi?cation of the thin ?lm and reduction in 
the dielectric constant to beloW 2.7. This makes possible an 
adequate attenuation in the parasitic capacitance betWeen 
interconnects for semiconductor devices in Which an inter 
connect structure comprising at least one electrically con 
ductive layer is provided on the surface of a semiconductor 
substrate With separation by an interposed electrically insu 
lating layer—even in the case of highly integrated circuits in 
Which the interconnect gap is narroWer than 0.18 pm. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0019] FIG. 1 is a cross-sectional diagram that shoWs the 
various processes in the fabrication of a semiconductor 
device that is an exemplary embodiment of the present 
invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0020] The inorganic or organic resin (A) used in the 
present invention is not critical as long as it is solvent 
soluble, can be cured by heating after its application, and 
provides insulation. Resin (A) can be exempli?ed by inor 
ganic resins such as silica precursor resins, for example, 
hydrogen silsesquioxane resin, the partial hydrolyZates of 
alkoxysilanes, and others; and by organic resins such as 
polyimide resins, ?uorocarbon resins, benZocyclobutene 
resins, and ?uorinated polyallyl ethers. Resin (A) can take 
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the form of a single resin or a mixture of tWo or more resins. 

Silica precursor resins (With their capacity to cure into silica) 
are preferred for their ability to provide particularly good 
insulating properties. Among the silica precursor resins, 
hydrogen silsesquioxane resins, Which can be used in a 
non-etchback process, are particularly preferred. 

[0021] The hydrogen silsesquioxane resin is a polysilox 
ane Whose main skeleton is composed of the trifunctional 
siloxane unit HSiO3/2 and is a polymer With the general 
formula (HSiO3/2)n in Which the subscript n is an integer. 
Hydrogen silsesquioxane resins can be categoriZed based on 
their molecular structure into ladder-type polysiloxanes and 
cage-type polysiloxanes. The terminals of the ladder-type 
polysiloxanes can be endblocked by, for example, the 
hydroxyl group, a triorganosiloxy group such as the trim 
ethylsiloxy group, or a diorganohydrogensiloxy group such 
as the dimethylhydrogensiloxy group. Hydrogen silsesqui 
oxane resin can be synthesiZed, for example, by the hydroly 
sis of trichlorosilane and ensuing polycondensation (see 
US. Pat. No. 3,615,272 and Japanese Patent Applications 
Laid Open (Kokai or Unexamined) Numbers Sho 5 9-189126 
(189,126/1984) and Sho 60-42426 (42,426/1985)). 

[0022] Solvent (B) should be capable of dissolving resin 
(A) Without the occurrence of chemical changes, but is not 
otherWise critical. Solvents usable as the solvent (B) are 
exempli?ed by aromatic solvents such as toluene, xylene, 
and others; aliphatic solvents such as hexane, heptane, 
octane, and others; ketone solvents such as methyl ethyl 
ketone, methyl isobutyl ketone, and others; aliphatic ester 
solvents such as butyl acetate, isoamyl acetate, and others; 
and silicone solvents such as chain methylsiloxanes like 
hexamethyldisiloxane and 1,1,3,3-tetramethyldisiloxane, 
cyclic siloxanes like 1,1,3,3,5,5,7,7-octamethyltetracyclosi 
loxane and 1,3,5,7-tetramethyltetracyclosiloxane, and 
silanes such as tetramethylsilane and dimethyldiethylsilane. 
Methyl isobutyl ketone and the silicone solvents are pre 
ferred. 

[0023] Solvent (C) is solvent that has at least one charac 
teristic selected from the boiling point, vapor-pressure 
curve, and af?nity for the resin that differs from the corre 
sponding characteristic of the solvent A solvent With a 
boiling point higher than that of the solvent (B) is preferred. 
Solvent (C) is exempli?ed by (the value in parentheses is the 
boiling point): hydrocarbon solvents such as amylbenZene 
(202° C.), isopropylbenZene (152° C.), 1,2-diethylbenZene 
(183° C.), 1,3-diethylbenZene (181° C.), 1,4-diethylbenZene 
(184° C.), cyclohexylbenZene (239° C.), dipentene (177° 
C.), 2,6-dimethylnaphthalene (262° C.), p-cymene (177° 
C.), camphor oil (160-185° C.), solvent naphtha (110-200° 
C.), cis-decalin (196° C.), trans-decalin (187° C.), decane 
(174° C.), tetralin (207° C.), turpentine oil (153-175° C.), 
kerosene (200-245° C.), dodecane (216° C.), branched dode 
cylbenZene, and others; ketone and aldehyde solvents such 
as acetophenone (201.7° C.), isophorone (215.3° C.), phor 
one (198-199° C.), methylcyclohexanone (169.0-170.5° C.), 
methyl n-heptyl ketone (195.3° C.), and others; ester sol 
vents such as diethyl phthalate (296.1° C.), benZyl acetate 
(215 .5° C.), y-butyrolactone (204° C.), dibutyl oxalate (240° 
C.), 2-ethylhexyl acetate (198.6° C.), ethyl benZoate (213.2° 
C.), benZyl formate (203° C.), and others; sulfur-containing 
compound solvents such as diethyl sulfate (208° C.), sul 
folane (285° C.), and others; halohydrocarbon solvents; 
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alcohol solvents; etheri?ed hydrocarbon solvents; carboxy 
lic anhydride solvents; phenolic solvents; and silicone sol 
vents. 

[0024] In the case of the insulating thin ?lm-forming 
composition in Which resin (A) is dissolved in solvents (B) 
and (C), the solvents (B) and (C) are not simply employed 
as solvents for the resin. Rather, the solvents (B) and (C) are 
also gasi?ed and expelled from the system during or after 
resin cure, thereby leaving voids or free spaces in the 
insulating thin ?lm and as a result generating a loW dielectric 
constant insulating thin ?lm. A major fraction of the main 
solvent (B) Will evaporate immediately after coating on the 
substrate, but a portion Will remain in the ?lm and this 
residual component functions to form voids. HoWever, in 
order to efficiently loWer the dielectric constant, solvent (C) 
must be added in addition to the solvent Solvent (C) is 
one or a mixture of 2 or more solvents that have a higher 
boiling point than the solvent (B), or that have a different 
vapor-pressure curve from that of the solvent (B), i.e., that 
are more dif?cult to evaporate, or that have a different 

af?nity for the resin from that of the solvent Solvent (C) 
remains in larger amounts in the ?lm immediately after the 
composition has been coated on the substrate and Will also 
be evaporated and expelled from the system during or after 
resin cure. Solvent (C) is not crucial, but it should be 
selected With a vieW to obtaining an optimal relationship 
With the curing temperature of the resin. 

[0025] Additive (D), Which is a source of gas generation, 
is one or a mixture of tWo or more substances that are soluble 

in solvent (B) and that can generate gas in the temperature 
range from 0° C. to 800° C. by heating or by interaction With 
the resin. “Gas generation” refers to the generation of gas by 
volatiliZation, the generation of gas by an autonomous 
decomposition reaction, and the release of gas by chemical 
reaction With the resin. 

[0026] In the case of the insulating thin ?lm-forming 
composition in Which resin (A) is dissolved along With the 
substance (D) in the solvent (B), through heating or by 
interaction With the resin the substance (D) generates gas, 
preferably also With expulsion from the system, during or 
after resin cure. The effect of this gas generation, preferably 
also With expulsion from the system, is to leave voids or free 
spaces in the insulating thin ?lm and thereby loWer the 
dielectric constant of the insulating thin ?lm. The tempera 
ture at Which gas is generated from the substance (D) must 
be compatible With the process for forming insulating thin 
?lms and Will be in the range from 0° C. to 800° C. and is 
preferably from 25° C. to 400° C. Since in a preferred 
embodiment a majority of the solvent (B) evaporates imme 
diately after coating on the substrate and gas generation 
from the substance (D) occurs subsequent to this, the onset 
temperature for gas generation from substance (D) is pref 
erably higher than the boiling point of the solvent 

[0027] Additives (D) that generate gas by volatiliZation 
are exempli?ed by, but not limited to, organic solids such as 
biphenyl, naphthalene, anthracene, and the like, and by oils 
such as silicone oils and the like. When hydrogen silsesqui 
oxane resin is used as the resin, silicone is preferred based 
on compatibility considerations. 

[0028] Additives (D) that generate gas by their oWn 
decomposition are exempli?ed by, but not limited to, 
organic peroxides such as benZoyl peroxide and the like. 
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[0029] Additives (D) that generate gas by interaction With 
the resin can be exempli?ed by amines, for example, N,N, 
N‘,N‘-tetramethyl-1,6-hexanediamine, When the resin con 
tains SiH, in Which case hydrogen gas is generated. 

[0030] The resin coated on the substrate is cured by 
exposure to high energy radiation such as electron beam, 
ultraviolet radiation, x-rays, and others. A single type of 
radiation can be used or several types of radiation can be 
used in combination. The use of exposure to high energy 
radiation permits resin cure to be induced While restraining 
the temperature to loW levels. 

[0031] The ability to induce resin cure at loW temperatures 
through the use of exposure to high energy radiation as 
described above permits use as the resin of loW molecular 
Weight hydrogen silsesquioxane resin With a molecular 
Weight; 1,500. LoW molecular Weight hydrogen silsesqui 
oxane resin of this type offers the advantages of an excellent 
capacity to coat and planariZe the substrate and an excellent 
capacity to ?ll in and embed topographical variations on the 
substrate caused, for example, by interconnects. At the same 
time, hoWever, exposure to high temperatures causes resin of 
this type to scatter out, resulting in contamination of sur 
rounding equipment and a diminution in ?lm thickness. As 
a consequence, it has been necessary in the case of thermal 
curing, for example, in an oven, to preliminarily remove the 
loW molecular Weight component from hydrogen silsesqui 
oxane resin. HoWever, the use of exposure to high energy 
radiation permits the use of loW molecular Weight hydrogen 
silsesquioxane resin. 

[0032] The atmosphere for the resin curing reaction is also 
not critical, and, in addition to nitrogen and oxygen atmo 
spheres, the curing reaction may be run in special atmo 
spheres such as Water vapor, ammonia, nitrogen monoxide, 
and oZone. 

[0033] When the high energy radiation takes the form of 
the electron beam, exposure can be carried out at ambient 
pressure or at reduced pressure. In the case of irradiation at 
ambient temperature, the atmosphere is not critical and 
exposure can be carried out under the atmospheres already 
described above. In the case of irradiation at reduced pres 
sure, the degree of the vacuum is again not critical and 
irradiation can be carried out at any pressure ranging from 
ultrahigh vacuums to vacuums near ambient pressure. In 
addition, When exposure is carried out under reduced pres 
sure and in particular When the specimen is held at reduced 
pressure immediately after exposure under a high vacuum, 
the dangling bonds that have been produced in the insulating 
thin ?lm can be preserved. Under these circumstances, the 
admission of any of various gases to the specimen With a 
drop in the degree of vacuum makes possible bonding or 
substitution of the dangling bonds With the gas molecules 
and hence the utiliZation of post-irradiation reactions for 
?lm formation. 

[0034] The crosslinking arising from the curing reaction 
can be, for example, crosslinking based on the condensation 
reaction of silicon-bonded hydrogen, crosslinking based on 
the addition reaction betWeen silicon-bonded hydrogen and 
silicon-bonded vinyl groups, and crosslinking based on the 
condensation reaction of alkoxy groups and silanol groups 
as seen in the knoWn types of inorganic and organic SOGs. 
Taking these into consideration, the composition for forming 
insulating thin ?lms may contain an appropriately selected 
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additive for the purpose of accelerating the curing reaction 
induced by the high energy radiation. The cure accelerator 
can be, for example, a platinum-containing compound such 
as chloroplatinic acid hexahydrate and should be selected as 
appropriate as a function of the type of high energy radia 
tion. 

[0035] The thin ?lms produced by the method of this 
invention may be used in the fabrication of semiconductor 
devices. As shoWn in FIG. 1(a), fabrication commences 
With the formation of a base insulating layer 2 on a semi 
conductor substrate 1 (silicon Wafer) on the surface of Which 
a semiconductor element (not shoWn) has been formed. This 
can be done by laying doWn, for example, a BPSG ?lm over 
the entire surface of the semiconductor substrate 1 and 
re?oWing this ?lm. An electrically conductive layer is then 
formed by sputtering a metal, for example, aluminum, on the 
base insulating layer 2. LoWer level interconnects 3a, 3b, 
and 3c are thereafter formed by patterning the conductive 
layer by knoWn methods. 
[0036] As shoWn in FIG. 1(b), an insulating layer 4 is 
subsequently formed by coating, for example, by spin coat 
ing, the entire surface of the semiconductor substrate 1 With 
the thin ?lm forming composition and subsequently curing 
the resin by exposure to high energy radiation. During this 
process, the generation of gas is induced Within the insulat 
ing layer 4 during the course of or after resin cure, and this 
gas generation causes a dedensi?cation of the insulating 
layer 4. This dedensi?cation occurs as the development of 
porosity in the insulating layer 4 or as an increase in the free 
space in the insulating layer 4. 
[0037] As shoWn in FIG. 1(c), through holes 5 that reach, 
for example, to the loWer level interconnects 3a and 3c, are 
then provided by masking With a photoresist and selectively 
etching the insulating layer 4 that overlies, respectively, the 
loWer level interconnects 3a and 3c. A conductive layer is 
then formed over the entire surface by sputtering a metal, for 
example, aluminum. This is folloWed by etchback by plasma 
etching until exposure of the insulating layer 4, Which leaves 
interlevel interconnects Within the through holes 5. 

[0038] As shoWn in FIG. 1(a'), the upper level intercon 
nects 6a and 6b and the insulating layer 7 are then formed 
on the etchbacked surface by the same methods as used to 
provide the loWer level interconnects 3a to 3c and insulating 
layer 4. The preceding steps result in the formation of a 
multilevel interconnect structure of loWer level intercon 
nects 3a to 3c and upper level interconnects 6a and 6b on the 
semiconductor substrate 1 Wherein the interconnects are 
electrically insulated by the base insulating layer 2 and the 
interlayer insulating layers 4 and 7. The fabrication method 
described hereinabove makes it possible to bring the dielec 
tric constant of the dedensi?ed insulating layer 4 to beloW 
2.7. 

[0039] In order to reduce the dielectric constant of the 
insulating layer to beloW 2.7, it is necessary in the present 
invention to loWer the density of the insulating layer by 
increasing the porosity or free space. HoWever, the devel 
opment of this porous character must not be accompanied by 
negative in?uences on the ?lm strength, dielectric break 
doWn, adherence, or moisture absorption. As a consequence, 
the resin of the insulating layer is preferably hydrogen 
silsesquioxane resin, Which is a silicon dioxide precursor. 

[0040] After the resin solution has been coated on the 
semiconductor substrate and the solvent has been removed, 
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the resin may be melted in order to ?ll in topographical 
variations on the semiconductor substrate and planariZe 
depressions and elevations in the insulating layer. In this 
case, a resin is preferably used that has a melting point or 
softening point. 

[0041] When the resin solution does not contain additive 
(D), gas generation after the beginning of resin cure Will be 
brought about by the solvent. When the resin solution 
contains additive (D), gas generation after the beginning of 
resin cure Will be brought about by the additive or solvent. 
In either case, gas generation must occur after the beginning 
of resin cure. When the gas generation process occurs With 
the resin in uncured form, problems Will develop such as 
cracking in the ultimately obtained insulating layer and a 
failure to obtain an insulating layer With the desired thick 
ness due to dissolution by the resin. 

[0042] In order to cause gas generation after initiation of 
resin cure, chemical stabiliZation of the solvent or additive 
at the cure initiation temperature can be achieved by estab 
lishing a high temperature for the initiation of gas generation 
and/or establishing a loW temperature for the initiation of 
resin cure. The gas generation preferably occurs after a 
moderate cure but prior to complete cure. The occurrence of 
gas generation prior to complete cure permits an effective 
development of porosity in the insulating layer. 

[0043] The gas generation may be carried out at reduced 
pressure. The execution of gas generation at reduced pres 
sure can accelerate gas generation. In addition to conducting 
gas generation by heating, it may also be carried out With the 
impression of ultrasound or microWaves (e.g., electromag 
netic radiation). The execution of gas generation by the 
impression of microWaves makes it possible to loWer the 
treatment temperatures in the overall fabrication process. 
After gas generation, resin cure can be developed further by 
heating or exposure to high energy radiation. The treatment 
temperature in this process can be reduced through the use 
of high energy radiation. 

[0044] The gas generation can be, for example, volatiliZa 
tion (simple gasi?cation); gasi?cation reactions such as 
decomposition reactions and chemical reactions (also 
including reactions With the resin); sublimation; and gasi? 
cation after liquefaction of a solid. Additives (D) that 
undergo gasi?cation or decomposition and leave no residues 
in the system after gas generation are preferred since they 
Will have no negative in?uences on the semiconductor 
device. 

[0045] The dielectric constant of the insulating layer can 
be brought beloW 2.7 by coating the semiconductor substrate 
With a solution of organic resin and/or inorganic resin 
dissolved in solvent and forming the insulating layer by 
curing the said resin by exposure to high energy radiation 
While dedensifying the insulating layer through the genera 
tion of gas Within the insulating layer after the beginning of 
resin cure. This makes possible an adequate attenuation in 
the parasitic capacitance betWeen interconnects in semicon 
ductor devices in Which an interconnect structure compris 
ing at least one electrically conductive layer is provided on 
a semiconductor substrate With separation by an interposed 
electrically insulating layer—even in the case of highly 
integrated circuits in Which the interconnect gap is narroWer 
than 0.18 pm. 
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EXAMPLES 

[0046] So that those skilled in the art can understand and 
appreciate the invention taught herein, the folloWing 
examples are presented, it being understood that these 
examples should not be used to limit the scope of this 
invention found in the claims. 

[0047] The conversion to silica Was evaluated by measur 
ing the % residual Si—H bond in the insulating layer by 
Fourier transform-infrared absorption spectroscopy (the 
value immediately after spin coating Was used as 100%). 

[0048] The dielectric constant Was measured at 25° C./1 
MHZ on a sample formed on a silicon Wafer With a resistivity 
of 10'2 Q-cm. The measurement Was run using an imped 
ance analyZer on the capacitance betWeen interconnects by 
the sandWich method With aluminum electrodes. 

[0049] Semiconductor devices having an aluminum mul 
tilevel interconnect structure (interconnect pattern With a 
feature height of 0.5 pm and a feature Width and feature 
interval of 0.18 pm each) base coated With a CVD ?lm Were 
used in Examples 1-7 and Comparative Examples 1 and 2. 

EXAMPLE 1 

[0050] Molecular Weight fractionation Was run on hydro 
gen silsesquioxane resin With a number-average molecular 
Weight of 1,540 and a Weight-average molecular Weight of 
7,705 (component With molecular Weight§1,500=41%, 
softening point=90° C.) to give a fraction With a number 
average molecular Weight of 5,830 and a Weight-average 
molecular Weight of 11,200 (softening point=180° C.). This 
h-resin fraction Was dissolved in methyl isobutyl ketone to 
give a solution containing 18 Weight % solids. To this 
solution Was added cyclohexylbenZene at 1 Weight % based 
on the Weight of the solution. 

[0051] The hydrogen silsesquioxane resin solution Was 
spin coated on the semiconductor device using a preliminary 
rotation of 500 rpm for 3 seconds and then a main rotation 
of 5,000 rpm for 10 seconds. After the solvent Was thor 
oughly evaporated, standing for 10 minutes at room tem 
perature gave a ?lm With a thickness of 8,010 angstroms in 
its deepest section. Using an electron beam irradiator With an 
acceleration voltage of 165 kV, the Wafer Was exposed to an 
electron beam at a dose of 80 Mrad under a current of 
nitrogen that contained 70 ppm oxygen. At this point the 
insulating layer Was less soluble in methyl isobutyl ketone 
than immediately after spin coating. 

[0052] The Wafer Was annealed for 1 hour at 400° C. in a 
quartZ furnace under a nitrogen current that contained 10 
ppm oxygen, WithdraWn, and held for 10 minutes at room 
temperature. The residual Si—H bond content in the insu 
lating layer formed on the Wafer Was 74%, Which con?rmed 
that 26% of the hydrogen silsesquioxane resin had converted 
to silica. In addition, no abnormalities, such as cracking, 
etc., Were observed in the insulating layer after conversion. 

[0053] After the formation of a CVD ?lm on the insulating 
layer, a multilevel interconnect structure Was elaborated by 
the via hole contact technique. The dielectric constant of the 
insulating layer in the resulting semiconductor device Was 
2.5, and no abnormalities in electrical characteristics Were 
observed. 
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EXAMPLE 2 

[0054] The h-resin fraction described in Example 1 Was 
dissolved in methyl isobutyl ketone to give a solution 
containing 18 Weight % solids. To this solution Was added 
cyclohexylbenZene at 10 Weight % based on the Weight of 
the solution. 

[0055] Using the method described in Example 1 the 
hydrogen silsesquioxane resin solution Was spin coated on 
the semiconductor device resulting in a ?lm With a thickness 
of 8,020 angstroms in its deepest section. The Wafer Was 
exposed to electron beam and annealed as in Example 1. The 
residual Si—H bond content in the insulating layer formed 
on the Wafer Was 73%, Which con?rmed that 27% of the 
hydrogen silsesquioxane resin had converted to silica. In 
addition, no abnormalities, such as cracking, etc., Were 
observed in the insulating layer after conversion. 

[0056] After the formation of a CVD ?lm on the insulating 
layer, a multilevel interconnect structure Was elaborated by 
the via hole contact technique. The dielectric constant of the 
insulating layer in the resulting semiconductor device Was 
2.4, and no abnormalities in electrical characteristics Were 
observed. 

EXAMPLE 3 

[0057] The h-resin fraction described in Example 1 Was 
dissolved in methyl isobutyl ketone to give a solution 
containing 20 Weight % solids. To this solution Was added 
cyclohexylbenZene at 10 Weight % based on the Weight of 
the solution. 

[0058] Using the method described in Example 1 the 
hydrogen silsesquioxane resin solution Was spin coated on 
the semiconductor device except that the main rotation Was 
4,500 rpm for 10 seconds resulting in a ?lm With a thickness 
of 13,200 angstroms in its deepest section. The Wafer Was 
exposed to electron beam and annealed as in Example 1. The 
residual Si—H bond content in the insulating layer formed 
on the Wafer Was 74%, Which con?rmed that 26% of the 
hydrogen silsesquioxane resin had converted to silica. In 
addition, no abnormalities, such as cracking, etc., Were 
observed in the insulating layer after conversion. 

[0059] After the formation of a CVD ?lm on the insulating 
layer, a multilevel interconnect structure Was elaborated by 
the via hole contact technique. The dielectric constant of the 
insulating layer in the resulting semiconductor device Was 
2.4, and no abnormalities in electrical characteristics Were 
observed. 

EXAMPLE 4 

[0060] The h-resin fraction described in Example 1 Was 
dissolved in methyl isobutyl ketone to give a solution 
containing 18 Weight % solids. To this solution Was added 
amylbenZene at 10 Weight % based on the Weight of the 
solution. 

[0061] Using the method described in Example 1 the 
hydrogen silsesquioxane resin solution Was spin coated on 
the semiconductor device resulting in a ?lm With a thickness 
of 8,000 angstroms in its deepest section. The Wafer Was 
exposed to electron beam and annealed as in Example 1. The 
residual Si—H bond content in the insulating layer formed 
on the Wafer Was 74%, Which con?rmed that 26% of the 
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hydrogen silsesquioxane resin had converted to silica. In 
addition, no abnormalities, such as cracking, etc., Were 
observed in the insulating layer after conversion. 

[0062] After the formation of a CVD ?lm on the insulating 
layer, a multilevel interconnect structure Was elaborated by 
the via hole contact technique. The dielectric constant of the 
insulating layer in the resulting semiconductor device Was 
2.4, and no abnormalities in electrical characteristics Were 
observed. 

EXAMPLE 5 

[0063] The h-resin fraction described in Example 1 Was 
dissolved in methyl isobutyl ketone to give a solution 
containing 18 Weight % solids. To this solution Was added 
biphenyl at 10 Weight % based on the Weight of the solution. 

[0064] Using the method described in Example 1 the 
hydrogen silsesquioxane resin solution Was spin coated on 
the semiconductor device resulting in a ?lm With a thickness 
of 8,015 angstroms in its deepest section. The Wafer Was 
exposed to electron beam and annealed as in Example 1. The 
residual Si—H bond content in the insulating layer formed 
on the Wafer Was 74%, Which con?rmed that 26% of the 
hydrogen silsesquioxane resin had converted to silica. In 
addition, no abnormalities, such as cracking, etc., Were 
observed in the insulating layer after conversion. 

[0065] After the formation of a CVD ?lm on the insulating 
layer, a multilevel interconnect structure Was elaborated by 
the via hole contact technique. The dielectric constant of the 
insulating layer in the resulting semiconductor device Was 
2.4, and no abnormalities in electrical characteristics Were 
observed. 

EXAMPLE 6 

[0066] Molecular Weight fractionation Was performed on a 
hydrogen silsesquioxane resin With a number-average 
molecular Weight of 1,540, a Weight-average molecular 
Weight of 7,705, and a softening point of 90° C. to give a 
h-resin fraction With a number-average molecular Weight of 
743, a Weight-average molecular Weight of 1,613, and a 
softening point of 25° C. This h-resin fraction Was dissolved 
in a mixed solvent of hexamethyldisiloxane/octamethyltrisi 
loxane (30/70 Weight %) to give a solution containing 25 
Weight % solids. To this solution Was added cyclohexylben 
Zene at 10 Weight % based on the Weight of the solution. 

[0067] Using the method described in Example 1 the 
hydrogen silsesquioxane resin solution Was spin coated on 
the semiconductor device except that the main rotation Was 
3,000 rpm for 10 seconds resulting in a ?lm With a thickness 
of 8,015 angstroms in its deepest section. The Wafer Was 
exposed to electron beam and annealed as in Example 1 
except that the electron beam Was at a dose of 160 Mrad. The 
residual Si—H bond content in the insulating layer formed 
on the Wafer Was 72%, Which con?rmed that 28% of the 
hydrogen silsesquioxane resin had converted to silica. In 
addition, no abnormalities, such as cracking, etc., Were 
observed in the insulating layer after conversion. 

[0068] After the formation of a CVD ?lm on the insulating 
layer, a multilevel interconnect structure Was elaborated by 
the via hole contact technique. The dielectric constant of the 
insulating layer in the resulting semiconductor device Was 
2.2, and no abnormalities in electrical characteristics Were 
observed. 
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EXAMPLE 7 

[0069] 10 Weight % cyclohexylbenZene Was added to an 
organic spin-on-glass (OCD-TYPE7 from Tokyo Oyo 
Kagaku Kogyo Kabushiki Kaisha) that Was a precursor for 
silicon dioxide. 

[0070] Using the method described in Example 1 the 
organic-spin-on-glass solution Was spin coated on the semi 
conductor device resulting in a ?lm With a thickness of 7,520 
angstroms in its deepest section. The Wafer Was exposed to 
electron beam and annealed as in Example 1. It Was con 
?rmed at this point that conversion to silica had occurred. In 
addition, no abnormalities, such as cracking, etc., Were 
observed in the insulating layer after conversion. 

[0071] After the formation of a CVD ?lm on the insulating 
layer, a multilevel interconnect structure Was elaborated by 
the via hole contact technique. The dielectric constant of the 
insulating layer in the resulting semiconductor device Was 
2.6, and no abnormalities in electrical characteristics Were 
observed. 

COMPARATIVE EXAMPLE 1 

[0072] The h-resin fraction described in Example 1 Was 
dissolved in methyl isobutyl ketone to prepare a solution 
containing 18 Weight % solids. 

[0073] Using the method described in Example 1 the 
hydrogen silsesquioxane resin solution Was spin coated on 
the semiconductor device resulting in a ?lm With a thickness 
of 8,015 angstroms in its deepest section. The Wafer Was 
annealed for 1 hour at 400° C. in a quartZ furnace under a 
nitrogen current that contained 10 ppm oxygen, WithdraWn, 
and held for 10 minutes at room temperature. The residual 
Si—H bond content in the insulating layer formed on the 
Wafer Was 75%, Which con?rmed that 25% of the hydrogen 
silsesquioxane resin had converted to silica. In addition, no 
abnormalities, such as cracking, etc., Were observed in the 
insulating layer after conversion. 

[0074] After the formation of a CVD ?lm on the insulating 
layer, a multilevel interconnect structure Was elaborated by 
the via hole contact technique. The dielectric constant of the 
insulating layer in the resulting semiconductor device Was 
2.8, and no abnormalities in electrical characteristics Were 
observed. 

COMPARATIVE EXAMPLE 2 

[0075] The h-resin fraction described in Example 1 Was 
dissolved in methyl isobutyl ketone to prepare a solution 
containing 20 Weight % solids. 

[0076] Using the method described in Example 1 the 
hydrogen silsesquioxane resin solution Was spin coated on 
the semiconductor device except that the main rotation Was 
4,500 rpm for 10 seconds resulting in a ?lm With a thickness 
of 13,100 angstroms in its deepest section. The Wafer Was 
annealed for 1 hour at 400° C. in a quartZ furnace under a 
nitrogen current that contained 10 ppm oxygen, WithdraWn, 
and held for 10 minutes at room temperature. The residual 
Si—H bond content in the insulating layer formed on the 
Wafer Was 75%, Which con?rmed that 25% of the hydrogen 
silsesquioxane resin had converted to silica. In this case, the 
post-conversion insulating layer suffered from a substantial 
decline in ?lm thickness and cracking Was observed in the 
insulating layer. 
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[0077] After the formation of a CVD ?lm on the insulating 
layer, a multilevel interconnect structure Was elaborated by 
the via hole contact technique. The dielectric constant of the 
insulating layer in the resulting semiconductor device Was 
2.8. Electrical contact defects Were observed in parts of the 
device. 

EXAMPLE 8 

[0078] Hydrogen silsesquioxane resin Was synthesiZed by 
the method described in Example 1 (page 3) of Japanese 
Patent Publication (Kokoku) Number Sho 47-31838 (US. 
Pat. No. 3,615,272). Analysis of the hydrogen silsesquiox 
ane resin product by gel permeation chromatography (GPC) 
gave a number-average molecular Weight of 1,540 and a 
Weight-average molecular Weight of 7,705. The hydrogen 
silsesquioxane resin Was subjected to a molecular Weight 
fractionation according to the method described in Example 
1 (page 5) of Japanese Patent Application Laid Open (Kokai 
or Unexamined) Number Hei 6-157760 (157,760/1994) 
(US. Pat. No. 5,416,190). Analysis of the hydrogen silses 
quioxane resin in the recovered fraction (“h-resin fraction”) 
by GPC gave a number-average molecular Weight of 5,830 
and a Weight-average molecular Weight of 11,200. The 
conditions in the GPC measurements are reported beloW. 

[0079] instrument: 802A from the Tosoh Corporation 

[0080] column: G3000/G4000/G5000/G6000 

[0081] carrier solvent: toluene 

[0082] column temperature: 30° C. 

[0083] molecular Weight standard: polystyrene 

[0084] detection: differential refractometer 

[0085] sample: 2 Weight % solids (toluene solution) 

[0086] The h-resin fraction Was dissolved in methyl isobu 
tyl ketone to prepare the 22 Weight % (solids) solution. To 
this solution Was added cyclohexylbenZene at 1 Weight % 
based on the Weight of the solution. A ?lm With a thickness 
of 6,040 angstroms Was produced by spin coating the 
solution on a silicon Wafer at a preliminary rotation of 500 
rpm for 3 seconds and then at a main rotation of 3,000 rpm 
for 10 seconds folloWed by standing for 10 minutes at room 
temperature. Using an electron beam irradiator With an 
acceleration voltage of 165 kV, the Wafer Was exposed to an 
electron beam at a dose of 80 Mrad under nitrogen that 
contained 70 ppm oxygen. At this point the ?lm Was less 
soluble in methyl isobutyl ketone than immediately after 
spin coating. 
[0087] The Wafer Was annealed for 1 hour at 400° C. in a 
quartZ furnace under a nitrogen current that contained 10 
ppm oxygen, WithdraWn, and held for 10 minutes at room 
temperature. The residual Si—H bond content in the result 
ing insulating ?lm Was 74%, Which con?rmed conversion of 
the hydrogen silsesquioxane resin to silica. In addition, no 
abnormalities, such as cracking, etc., Were observed in the 
insulating ?lm. The dielectric constant of this insulating ?lm 
Was 2.4. 

EXAMPLE 9 

[0088] The h-resin fraction prepared in Example 8 Was 
dissolved in methyl isobutyl ketone to prepare a 22 Weight 
% (solids) solution. To this solution Was added cyclohexy 
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lbenZene at 10 Weight % based on the Weight of the solution. 
A ?lm With a thickness of 6,270 angstroms Was produced by 
the coating method described in Example 8. The Wafer Was 
then exposed to electron beam radiation and annealed as in 
Example 8. The residual Si—H bond content in the resulting 
insulating ?lm Was 74%, Which con?rmed conversion of the 
hydrogen silsesquioxane resin to silica. In addition, no 
abnormalities, such as cracking, etc., Were observed in the 
insulating ?lm. The dielectric constant of this insulating ?lm 
Was 2.4. 

EXAMPLE 10 

[0089] The h-resin fraction prepared in Example 8 Was 
dissolved in methyl isobutyl ketone to prepare a 35 Weight 
% (solids) solution. To this solution Was added cyclohexy 
lbenZene at 10 Weight % based on the Weight of the solution. 
A ?lm With a thickness of 13,500 angstroms Was produced 
by the coating method described in Example 8 except that 
the main rotation Was 2,000 rpm for 10 seconds. The Wafer 
Was then exposed to electron beam radiation and annealed as 
in Example 8. The residual Si—H bond content in the 
resulting insulating ?lm Was 74%, Which con?rmed conver 
sion of the hydrogen silsesquioxane resin to silica. In 
addition, no abnormalities, such as cracking, etc., Were 
observed in the insulating ?lm. The dielectric constant of 
this insulating ?lm Was 2.4. 

EXAMPLE 11 

[0090] The h-resin fraction prepared in Example 8 Was 
dissolved in methyl isobutyl ketone to prepare a 22 Weight 
% (solids) solution. To this solution Was added amylbenZene 
at 10 Weight % based on the Weight of the solution. A ?lm 
With a thickness of 6,150 angstroms Was produced by the 
coating method described in Example 8. The Wafer Was then 
exposed to electron beam radiation and annealed as in 
Example 8. The residual Si—H bond content in the resulting 
insulating ?lm Was 74%, Which con?rmed conversion of the 
hydrogen silsesquioxane resin to silica. In addition, no 
abnormalities, such as cracking, etc., Were observed in the 
insulating ?lm. The dielectric constant of this insulating ?lm 
Was 2.4. 

EXAMPLE 12 

[0091] The h-resin fraction prepared in Example 8 Was 
dissolved in methyl isobutyl ketone to prepare a 22 Weight 
% (solids) solution. To this solution Was added biphenyl at 
10 Weight % based on the Weight of the solution. A?lm With 
a thickness of 6,200 angstroms Was produced by the coating 
method described in Example 8. The Wafer Was then 
exposed to electron beam radiation and annealed as in 
Example 8. The residual Si—H bond content in the resulting 
insulating ?lm Was 74%, Which con?rmed conversion of the 
hydrogen silsesquioxane resin to silica. In addition, no 
abnormalities, such as cracking, etc., Were observed in the 
insulating ?lm. The dielectric constant of this insulating ?lm 
Was 2.4. 

EXAMPLE 13 

[0092] The h-resin fraction prepared in Example 8 Was 
dissolved in methyl isobutyl ketone to prepare a 22 Weight 
% (solids) solution. To this solution Was added N,N,N‘,N‘ 
-tetramethyl-1,6-hexanediamine at 10 Weight-ppm based on 
the Weight of the solution. A ?lm With a thickness of 6,100 
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angstroms Was produced by the coating method described in 
Example 8. The Wafer Was then exposed to electron beam 
radiation and annealed as in Example 8. The residual Si—H 
bond content in the resulting insulating ?lm Was 32%, Which 
con?rmed conversion of the hydrogen silsesquioxane resin 
to silica. In addition, no abnormalities, such as cracking, 
etc., Were observed in the insulating ?lm. The dielectric 
constant of this insulating ?lm Was 2.4. 

EXAMPLE 14 

[0093] The h-resin fraction prepared in Example 8 Was 
dissolved in methyl isobutyl ketone to prepare a 22 Weight 
% (solids) solution. To this solution Was added benZoyl 
peroxide at 50 Weight-ppm based on the Weight of the 
solution. A ?lm With a thickness of 6,250 angstroms Was 
produced by the coating method described in Example 8. 
The Wafer Was then exposed to electron beam radiation and 
annealed as in Example 8. The residual Si—H bond content 
in the resulting insulating ?lm Was 35%, Which con?rmed 
conversion of the hydrogen silsesquioxane resin to silica. In 
addition, no abnormalities, such as cracking, etc., Were 
observed in the insulating ?lm. The dielectric constant of 
this insulating ?lm Was 2.4. 

EXAMPLE 15 

[0094] Hydrogen silsesquioxane resin Was synthesiZed by 
the method described in Example 1 (page 3) of Japanese 
Patent Publication (Kokoku) Number Sho 47-31838 (US. 
Pat. No. 3,615,272). Analysis of the hydrogen silsesquiox 
ane resin product by GPC gave a number-average molecular 
Weight of 1,540, a Weight-average molecular Weight of 
7,705, and a value of 41 Weight % for the content of 
component With a molecular Weight no greater than 1,500. 
The hydrogen silsesquioxane resin Was subjected to a 
molecular Weight fractionation according to the method 
described in Example 1 (page 5) of Japanese Patent Appli 
cation Laid Open (Kokai or Unexamined) Number Hei 
6-157760 (US. Pat. No. 5,416,190). Analysis of the hydro 
gen silsesquioxane resin in the recovered fraction (“h-resin 
fraction”) by GPC gave a number-average molecular Weight 
of 743, a Weight-average molecular Weight of 1,613, and a 
value of 72 Weight % for the content of component With a 
molecular Weight no greater than 1,500. The conditions in 
the GPC measurements Were the same as reported in 
Example 8. 

[0095] This h-resin fraction Was dissolved in hexameth 
yldisiloxane/octamethyltrisiloxane mixed solvent (30/70) to 
prepare the 30 Weight % (solids) solution. To this solution 
Was added cyclohexylbenZene at 10 Weight % based on the 
Weight of the solution. A ?lm With a thickness of 6,350 
angstroms Was produced by the coating method described in 
Example 8. The Wafer Was then exposed to electron beam 
radiation and annealed as in Example 8. The residual Si—H 
bond content in the insulating ?lm Was 72%, Which con 
?rmed conversion of the hydrogen silsesquioxane resin to 
silica. In addition, no abnormalities, such as cracking, etc., 
Were observed in the insulating ?lm. The dielectric constant 
of this insulating ?lm Was 2.2. 

EXAMPLE 16 

[0096] 10 Weight % cyclohexylbenZene Was added to an 
organic spin-on glass (brand name: OCD-TYPE7 from 
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Tokyo Oyo Kagaku Kogyo Kabushiki Kaisha). A ?lm With 
a thickness of 6,200 angstroms Was formed by the coating 
method described in Example 8. The Wafer Was then 
exposed to electron beam radiation and annealed as in 
Example 8. No abnormalities, such as cracking, etc., Were 
observed in the resulting insulating ?lm. The dielectric 
constant of this insulating ?lm Was 2.7. 

EXAMPLE 17 

[0097] Hydrogen silsesquioxane resin (number-average 
molecular Weight=1,540 and Weight-average molecular 
Weight=7,705) synthesiZed according to the method 
described in Example 1 (page 3) of Japanese Patent Publi 
cation (Kokoku) Number Sho 47-31838 (US. Pat. No. 
3,615,272) Was dissolved in methyl isobutyl ketone to 
prepare the 26 Weight % (solids) solution. To this solution 
Was added cyclohexylbenZene at 10 Weight % based on the 
Weight of the solution. A ?lm With a thickness of 6,100 
angstroms Was prepared by the coating method described in 
Example 8. The Wafer Was then exposed to electron beam 
radiation and annealed as in Example 8. The residual Si—H 
bond content in the insulating ?lm Was 72%, Which con 
?rmed conversion of the hydrogen silsesquioxane resin to 
silica. In addition, no abnormalities, such as cracking, etc., 
Were observed in the insulating ?lm. The dielectric constant 
of this insulating ?lm Was 2.4. 

EXAMPLE 18 

[0098] The h-resin fraction described in Example 8 Was 
dissolved in methyl isobutyl ketone to prepare 22 Weight % 
(solids) solution. To this solution Was added cyclohexylben 
Zene at 10 Weight % and polyoxyethylene lauryl ether at 1 
Weight %, in each case based on the Weight of the solution. 
A ?lm With a thickness of 6,350 angstroms Was produced by 
the coating method described in Example 8. The Wafer Was 
then exposed to electron beam radiation and annealed as in 
Example 8. The residual Si—H bond content in the insu 
lating ?lm Was 73%, Which con?rmed conversion of the 
hydrogen silsesquioxane resin to silica. In addition, no 
abnormalities, such as cracking, etc., Were observed in the 
insulating ?lm. The dielectric constant of this insulating ?lm 
Was 2.4. 

EXAMPLE 19 

[0099] The h-resin fraction described in Example 8 Was 
dissolved in methyl isobutyl ketone to prepare a 18 Weight 
% (solids) solution. To this solution Was added cyclohexy 
lbenZene at 10 Weight % based on the Weight of the solution. 
A ?lm With a thickness of 8,310 angstroms at its deepest 
section Was produced by spin coating the resulting solution 
on a polysilicon Wafer (feature height=0.5 pm, feature Width 
and feature spacing=0.18 pm) at a preliminary rotation of 
500 rpm for 3 seconds and then a main rotation of 5,000 rpm 
for 10 seconds and subsequently holding for 10 minutes at 
room temperature. The Wafer Was heated under a nitrogen 
current on a hot plate using the sequence of 150° C./1 
minute, 200° C./1 minute, and 250° C./1 minute in the order 
given. This resulted in ?uidiZation With thorough gap?lling 
betWeen the features and thorough planariZation of the resin 
surface. Using an electron beam irradiator With an accelera 
tion voltage of 165 kV, the Wafer Was exposed to an electron 
beam at a dose of 80 Mrad under nitrogen that contained 70 
ppm oxygen. At this point the ?lm Was less soluble in methyl 
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isobutyl ketone than immediately after spin coating. The 
Wafer Was annealed for 1 hour at 400° C. in a quartZ furnace 
under a nitrogen current that contained 10 ppm oxygen, 
WithdraWn, and held for 10 minutes at room temperature. No 
abnormalities, such as cracking, etc., Were observed in the 
resulting insulating ?lm. 

EXAMPLE 20 

[0100] A ?uorinated polyallyl ether resin Was synthesiZed 
according to the method described on page 116 of the 1995 
Proceedings of the TWelfth International VLSI Multilevel 
Interconnection Conference. Analysis of the resin product 
by GPC gave a number-average molecular Weight of 2,540 
and a Weight-average molecular Weight of 9,390. This resin 
Was dissolved in methyl isobutyl ketone to prepare the 26 
Weight % (solids) solution. To this solution Was added 
cyclohexylbenZene at 10 Weight % based on the Weight of 
the solution. A?lm With a thickness of 6,070 angstroms Was 
produced by the coating method described in Example 8. 
The Wafer Was then exposed to electron beam radiation and 
annealed as in Example 8. This resulted in an additional 
decline in the solubility of the insulating ?lm. In addition, no 
abnormalities, such as cracking, etc., Were observed in the 
insulating ?lm. The dielectric constant of this insulating ?lm 
Was 2.4. 

EXAMPLE 21 

[0101] The h-resin fraction prepared in Example 8 Was 
dissolved in methyl isobutyl ketone to prepare a 22 Weight 
% (solids) solution. To this solution Was added cyclohexy 
lbenZene at 10 Weight % based on the Weight of the solution. 
A ?lm With a thickness of 6,270 angstroms Was produced by 
the coating method described in Example 8. Using an 
electron beam irradiator With an acceleration voltage of 8 
kV, the Wafer Was exposed for 10 seconds to 5 mC/cm2 of 
radiation under a vacuum of 10'6 torr. The specimen Was 
WithdraWn from the vacuum, placed in air at ordinary 
atmospheric pressure, and held for 10 minutes. At this point 
the ?lm Was less soluble in methyl isobutyl ketone than 
immediately after spin coating. 

[0102] The Wafer Was annealed for 1 hour at 400° C. in a 
quartZ furnace under a nitrogen current that contained 10 
ppm oxygen, WithdraWn, and held for 10 minutes at room 
temperature. The residual Si—H bond content in the result 
ing insulating ?lm Was 75%, Which con?rmed conversion of 
the hydrogen silsesquioxane resin to silica. In addition, no 
abnormalities, such as cracking, etc., Were observed in the 
insulating ?lm. The dielectric constant of this insulating ?lm 
Was 2.4. 

EXAMPLE 22 

[0103] The h-resin fraction prepared in Example 8 Was 
dissolved in methyl isobutyl ketone to prepare a 22 Weight 
% (solids) solution. To this solution Was added cyclohexy 
lbenZene at 10 Weight % based on the Weight of the solution. 
A ?lm With a thickness of 6,310 angstroms Was produced by 
the coating method described in Example 8. The Wafer Was 
exposed for 10 minutes to ultraviolet radiation With an 
intensity of 160 W/cm from a high-pressure mercury lamp 
in air that contained 10 ppm oZone. At this point the ?lm Was 
less soluble in methyl isobutyl ketone than immediately after 
spin coating. 
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[0104] The Wafer Was annealed for 1 hour at 400° C. in a 
quartz furnace under a nitrogen current that contained 10 
ppm oxygen, WithdraWn, and held for 10 minutes at room 
temperature. The residual Si—H bond content in the result 
ing insulating ?lm Was 71%, Which con?rmed conversion of 
the hydrogen silsesquioxane resin to silica. In addition, no 
abnormalities, such as cracking, etc., Were observed in the 
insulating ?lm. The dielectric constant of this insulating ?lm 
Was 2.4. 

EXAMPLE 23 

[0105] The h-resin fraction prepared in Example 8 Was 
dissolved in methyl isobutyl ketone to prepare a 22 Weight 
% (solids) solution. To this solution Was added cyclohexy 
lbenZene at 10 Weight % based on the Weight of the solution. 
A ?lm With a thickness of 6,280 angstroms Was produced by 
the coating method described in Example 8. While residing 
on a hot plate heated to 250° C., the Wafer Was exposed for 
10 minutes to ultraviolet radiation With an intensity of 160 
W/cm from a high-pressure mercury lamp in air that con 
tained 10 ppm oZone. At this point the ?lm Was less soluble 
in methyl isobutyl ketone than immediately after spin coat 
mg. 

[0106] The Wafer Was annealed for 1 hour at 400° C. in a 
quartZ furnace under a nitrogen current that contained 10 
ppm oxygen, WithdraWn, and held for 10 minutes at room 
temperature. The residual Si—H bond content in the result 
ing insulating ?lm Was 70%, Which con?rmed conversion of 
the hydrogen silsesquioxane resin to silica. In addition, no 
abnormalities, such as cracking, etc., Were observed in the 
insulating ?lm. The dielectric constant of this insulating ?lm 
Was 2.4. 

COMPARATIVE EXAMPLE 3 

[0107] The h-resin fraction described in Example 8 Was 
dissolved in methyl isobutyl ketone to prepare a 22 Weight 
% (solids) solution. A ?lm With a thickness of 6,070 ang 
stroms Was produced by the coating method described in 
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Example 8. The Wafer Was annealed for 1 hour at 400° C. in 
a quartZ oven under a current of nitrogen containing 10 ppm 
oxygen, then WithdraWn and held for 10 minutes at room 
temperature. The residual SiH% in the resulting insulating 
?lm Was 75%, Which con?rmed that conversion of the 
hydrogen silsesquioxane resin to silica had occurred. The 
production of cracks in the insulating ?lm Was also 
observed. The dielectric constant of this insulating ?lm Was 
2.8. 

COMPARATIVE EXAMPLE 4 

[0108] The h-resin fraction described in Example 8 Was 
dissolved in methyl isobutyl ketone to prepare a 35 Weight 
% (solids) solution. A ?lm With a thickness of 13,200 
angstroms Was produced by spin coating the resulting solu 
tion on a silicon Wafer at a preliminary rotation of 500 rpm 
for 3 seconds and then at a main rotation of 2,000 rpm for 
10 seconds folloWed by standing for 10 minutes at room 
temperature. The Wafer Was annealed for 1 hour at 400° C. 
in a quartZ oven under a current of nitrogen containing 10 
ppm oxygen, then WithdraWn and held for 10 minutes at 
room temperature. The residual SiH% in the resulting insu 
lating ?lm Was 75%, Which con?rmed that conversion of the 
hydrogen silsesquioxane resin to silica had occurred. Cracks 
had also been produced in the insulating ?lm. The dielectric 
constant of this insulating ?lm Was 2.8. 

COMPARATIVE EXAMPLE 5 

[0109] The h-resin fraction prepared in Example 8 Was 
dissolved in methyl isobutyl ketone to prepare a 22 Weight 
% (solids) solution. A ?lm With a thickness of 6,040 ang 
stroms Was produced by the coating method described in 
Example 8. The Wafer Was then exposed to electron beam 
radiation and annealed as in Example 8. The residual Si—H 
bond content in the insulating ?lm formed on the Wafer Was 
69%, Which con?rmed conversion of the hydrogen silses 
quioxane resin to silica. In addition, no abnormalities, such 
as cracking, etc., Were observed in the insulating ?lm. The 
dielectric constant of this insulating ?lm Was 2.8. 

TABLE 1 

?lm thickness in angstroms refractive index residual SiH % 

after after loW- after dielectric after after lOW- after (degree of 
coating temp. cure annealing constant coating temp. cure annealing ?lm cure) 

Example 8 6040 6000 6020 2.4 1.406 1.404 1.363 74 
Example 9 6270 6190 6210 2.4 1.409 1.417 1.365 73 
Example 10 13500 13330 13400 2.4 1.409 1.417 1.361 74 
Example 11 6150 6100 6110 2.4 1.415 1.420 1.361 74 
Example 12 6200 6150 6170 2.4 1.420 1.425 1.365 74 
Example 13 6100 6205 6205 2.4 1.393 1.400 1.369 32 
Example 14 6250 6240 6190 2.4 1.393 1.392 1.364 35 
Example 15 6350 5920 5850 2.2 1.403 1.400 1.360 72 
Example 16 6200 6150 6120 2 7 1.410 1.411 1.369 — 
Example 17 6100 5950 5900 2 4 1.411 1.405 1 364 72 
Example 18 6350 6300 6210 2 4 1.412 1.407 1 369 73 
Example 19 8310 8275 8240 — — — — — 

Example 20 6070 6050 6060 2 4 1.410 1.408 1.365 — 
Example 21 6270 6200 6230 2 4 1.411 1.407 1 366 75 
Example 22 6310 6250 6210 2 4 1.409 1.407 1 366 71 
Example 23 6280 6100 6050 2 4 1.410 1.401 1 368 70 
Comp. Ex. 3 6070 6120 6270 2 8 1.400 — 1 372 75 
Comp. Ex. 4 13300 13200 13350 2 8 1.392 — 1 372 75 
Comp. Ex. 5 6040 5990 6050 2 8 1.392 1.392 1 379 69 



US 2001/0002323 A1 

1. A method for forming electrically insulating thin ?lms 
Wherein the method comprises coating the surface of a 
substrate With a composition comprising 

(A) a resin selected from the group consisting of electri 
cally insulating, heat-curing organic resins and electri 
cally insulating, heat-curing inorganic resins; and 

(B) a solvent capable of dissolving resin (A) and 

(C) a solvent selected from the group consisting of a 
solvent Whose boiling point differs from solvent (B), a 
solvent Whose vapor pressure curve differs from that of 
solvent (B) and a solvent Whose affinity for resin (A) 
differs from that of solvent (B) 

evaporating at least a portion of the solvents (B) and (C); 
and subsequently eXposing the substrate to high energy 
radiation and inducing evaporation of the remaining 
solvents during the course of or after the cure of resin 

(A). 
2. The method as claimed in claim 1 Wherein the substrate 

is an electronic device. 
3. The method as claimed in claim 1 Wherein the coating 

of the surface is by spin coating. 
4. The method as claimed in claim 1 Wherein the high 

energy radiation is electron beam. 
5. The method as claimed in claim 1 Wherein resin (A) is 

hydrogen silsesquioXane resin. 
6. The method as claimed in claim 1 Wherein solvent (B) 

is selected from the group consisting of aromatic solvents, 
aliphatic solvents; ketone solvents, aliphatic ester solvents, 
silicone solvents, and silanes. 

7. The method as claimed in claim 1 Wherein the solvent 
(C) is selected from the group consisting of hydrocarbon 
solvents; ketone solvents; aidehyde solvents; ester solvents; 
diethyl sulfate; sulfolane; halohydrocarbon solvents; etheri 
?ed hydrocarbon solvents; alcohol solvents; ether solvents; 
acetal solvents; polyhydric alcohol solvents; carboXylic 
anhydride solvents; phenolic solvents; and silicone solvents. 

8. The method as claimed in claim 1 Wherein solvent (C) 
cycloheXylbenZene. 

9. The method as claimed in claim 1 Wherein solvent (C) 
is amylbenZene. 

10. Amethod for forming electrically insulating thin ?lms 
Wherein the method comprises coating the surface of a 
substrate With a composition comprising 

(A) a resin selected from the group consisting of electri 
cally insulating, heat-curing organic resins and electri 
cally insulating, heat-curing inorganic resins; and 

(B) a solvent capable of dissolving the resin (A); and 

(D) at least one solvent-soluble substance selected from 

(i) substances that upon heating at a temperature of 
from 0° C. to 800° C. generate a gas or; 

(ii) substances that by interaction With resin (A) gen 
erate a gas; 

evaporating the solvent (B); and subsequently eXposing 
the substrate to high energy radiation and inducing 
the generation of gas from the substance (D) during 

the course of or after the cure of the resin 11. The method as claimed in claim 10 Wherein the 

substrate is an electronic device. 
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12. The method as claimed in claim 10 Wherein the 
coating of the surface is by spin coating. 

13. The method as claimed in claim 10 Wherein the high 
energy radiation is electron beam. 

14. The method as claimed in claim 10 Wherein resin (A) 
is hydrogen silsesquioXane resin. 

15. The method as claimed in claim 10 Wherein solvent 
(B) is selected from the group consisting of aromatic sol 
vents, aliphatic solvents; ketone solvents, aliphatic ester 
solvents, silicone solvents, and silanes. 

16. The method as claimed in claim 10 Wherein compo 
nent (D) is an organic solid. 

17. The method as claimed in claim 10 Wherein compo 
nent (D) is an organic peroxide. 

18. The method as claimed in claim 10 Wherein resin (A) 
is hydrogen silsesquioXane resin and component (D) is an 
amine. 

19. A semiconductor device having an interconnect struc 
ture comprising at least one electrically conductive layer 
With an interposed insulating layer having a dielectric con 
stant of less than 2.7 Wherein the insulating layer is produced 
by the method comprising applying a composition compris 
ing 

(A) a resin selected from the group consisting of electri 
cally insulating, heat-curing organic resins and electri 
cally insulating, heat-curing inorganic resins; and 

(B) a solvent capable of dissolving resin (A) and 

(C) a solvent selected from the group consisting of a 
solvent Whose boiling point differs from solvent (B), a 
solvent Whose vapor pressure curve differs from that of 
solvent (B) and a solvent Whose affinity for resin (A) 
differs from that of solvent (B) 

evaporating at least a portion of the solvents (B) and (C); 
and subsequently eXposing the substrate to high energy 
radiation and inducing evaporation of the remaining 
solvents during the course of or after the cure of resin 

(A) 
20. A semiconductor device having an interconnect struc 

ture comprising at least one electrically conductive layer 
With an interposed insulating layer having a dielectric con 
stant of less than 2.7 Wherein the insulating layer is produced 
by the method comprising applying a composition compris 
ing 

(A) a resin selected from the group consisting of electri 
cally insulating, heat-curing organic resins and electri 
cally insulating, heat-curing inorganic resins; and 

(B) a solvent capable of dissolving the resin (A); and 

(D) at least one solvent-soluble substance selected from 

(i) substances that upon heating at a temperature of 
from 00 C. to 800° C. generate a gas or; 

(ii) substances that by interaction With resin (A) gen 
erate a gas; 

evaporating the solvent (B); and subsequently eXposing 
the substrate to high energy radiation and inducing 
the generation of gas from the substance (D) during 
the course of or after the cure of the resin 

* * * * * 


