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(57) ABSTRACT 

A plurality of loWer-level metal interconnects are formed 
over a semiconductor substrate. A ?rst ?uorine-containing 
insulating ?lm, made of a ?uorine-doped insulator, is formed 
to ?ll in gaps betWeen adjacent ones of the loWer-level metal 
interconnects over the semiconductor substrate. An inter 
level insulating ?lm is formed over the loWer-level metal 
interconnects and the ?rst ?uorine-containing insulating 
?lm. And a plurality of upper-level metal interconnects are 
formed on the interlevel insulating ?lm. The interlevel 
insulating ?lm includes: a second ?uorine-containing insu 
lating ?lm made of a ?uorine-doped insulator; and a silicon 
rich insulating ?lm containing a larger quantity of silicon 
than a quantity de?ned by stoichiometry. 
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SEMICONDUCTOR DEVICE AND METHOD FOR 
FABRICATING THE SAME 

BACKGROUND OF THE INVENTION 

[0001] The present invention generally relates to a semi 
conductor device, and more particularly relates to a semi 
conductor device including a ?uorine-containing insulating 
?lm, made of an insulator doped With ?uorine, betWeen 
metal interconnects and a method for fabricating such a 
device. 

[0002] Hereinafter, a semiconductor device including a 
?uorine-containing insulating ?lm, made of an insulator 
doped With ?uorine, betWeen metal interconnects Will be 
described With reference to FIG. 9. 

[0003] As shoWn in FIG. 9, an insulating ?lm 2, made of 
silicon dioxide, is formed on a semiconductor substrate 1. on 
the insulating ?lm 2, a plurality of loWer-level metal inter 
connects 3 are formed. Each of these metal interconnects 3 
has a multilayer structure formed by stacking a ?rst titanium 
?lm 3a, a ?rst aluminum alloy ?lm 3b and a ?rst titanium 
nitride ?lm 3c in this order. A ?uorine-containing silicon 
dioxide ?lm 4 is formed by doping a silicon dioxide ?lm 
With ?uorine to ?ll in the gaps betWeen adjacent ones of the 
loWer-level metal interconnects 3 and to cover all of these 
metal interconnects 3. 

[0004] An ordinary silicon dioxide ?lm 5 is formed on the 
?uorine-containing silicon dioxide ?lm 4. And on the silicon 
dioxide ?lm 5, a plurality of upper-level metal interconnects 
6 are formed. Each of these metal interconnects 6 also has 
a multilayer structure formed by stacking a second titanium 
?lm 6a, a second aluminum alloy ?lm 6b and a second 
titanium nitride ?lm 6c in this order. 

[0005] The relative dielectric constant of the ?uorine 
containing silicon dioxide ?lm 4, formed by doping a silicon 
dioxide ?lm With ?uorine, is loWer than that of the ordinary 
silicon dioxide ?lm 5, Which is not doped With ?uorine. 
Thus, by providing an interlevel insulating ?lm including 
the ?uorine-containing silicon dioxide ?lm 4 to ?ll in the 
gaps betWeen the loWer-level metal interconnects 3 and 
cover all of these interconnects 3, parasitic capacitances 
betWeen the interconnects 3 themselves and betWeen the 
loWer- and upper-level metal interconnects 3, 6 can be 
reduced. As a result, signals can be transmitted With a 
reduced delay, thus enabling the use of signals With a higher 
frequency. 
[0006] HoWever, if the ?uorine-containing silicon dioxide 
?lm 4 is interposed betWeen the loWer- and upper-level 
metal interconnects 3, 6, then ?uorine, contained in the 
?uorine-containing silicon dioxide ?lm 4, is likely to diffuse 
into the silicon dioxide ?lm 5 during a subsequent heat 
treatment process. Such a phenomenon is called “auto 
doping” in the pertinent art. Once ?uorine has diffused into 
the silicon dioxide ?lm 5, a degraded layer is formed in the 
interface betWeen the second titanium ?lm 6a, Which is the 
loWermost layer of the upper-level metal interconnects 6, 
and the silicon dioxide ?lm 5. Accordingly, the upper-level 
metal interconnects 6 come to make poorer contact With the 
silicon dioxide ?lm 5, resulting in deterioration in reliability 
of the semiconductor device. 

SUMMARY OF THE INVENTION 

[0007] An object of this invention is improving the contact 
betWeen upper-level metal interconnects and an interlevel 
insulating ?lm by preventing ?uorine, contained in a ?uo 
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rine-containing silicon dioxide ?lm ?lling in the gaps 
betWeen loWer-level metal interconnects and betWeen the 
loWer- and upper-level metal interconnects, from degrading 
the upper-level metal interconnects. 

[0008] To achieve this object, the semiconductor device of 
the present invention includes: a plurality of loWer-level 
metal interconnects formed over a semiconductor substrate; 
a ?rst ?uorine-containing insulating ?lm made of a ?uorine 
doped insulator and formed to ?ll in gaps betWeen adjacent 
ones of the loWer-level metal interconnects over the semi 
conductor substrate; an interlevel insulating ?lm formed 
over the loWer-level metal interconnects and the ?rst ?uo 
rine-containing insulating ?lm; and a plurality of upper-level 
metal interconnects formed on the interlevel insulating ?lm. 
The interlevel insulating ?lm includes: a second ?uorine 
containing insulating ?lm made of a ?uorine-doped insula 
tor; and a silicon-rich insulating ?lm containing a larger 
quantity of silicon than a quantity de?ned by stoichiometry. 

[0009] In the semiconductor device of the present inven 
tion, the ?rst ?uorine-containing insulating ?lm is formed 
betWeen adjacent ones of the loWer-level metal intercon 
nects land the second ?uorine-containing insulating ?lm is 
interposed betWeen the loWer- and upper-level metal inter 
connects. Accordingly, parasitic capacitances betWeen the 
loWer-level metal interconnects themselves and betWeen the 
loWer- and upper-level metal interconnects can be reduced, 
thus reducing the propagation delay of a signal transmitted 
through the device. 

[0010] In addition, the interlevel insulating ?lm includes a 
silicon-rich insulating ?lm containing a larger quantity of 
silicon than a quantity de?ned by stoichiometry. Thus, 
during a subsequent heat treatment process, even if ?uorine 
atoms, contained in the ?rst or second ?uorine-containing 
insulating ?lm, are going to diffuse, these ?uorine atoms are 
trapped by the dangling bonds of silicon atoms contained in 
the silicon-rich insulating ?lm. As a result, the ?uorine 
atoms are less likely to pass through the silicon-rich insu 
lating ?lm to reach the upper-level metal interconnects. 
Accordingly, no degraded layers are formed in the interface 
betWeen the loWer- or upper-level metal interconnects and 
the interlevel insulating ?lm, thus improving the contact 
betWeen the loWer- or upper-level metal interconnects and 
the interlevel insulating ?lm. 

[0011] If a silicon-rich insulating ?lm is formed over the 
second ?uorine-containing insulating ?lm, then the silicon 
rich insulating ?lm prevents the ?uorine atoms, contained in 
the ?rst and second ?uorine-containing insulating ?lms, 
from reaching the upper-level metal interconnects. And, if 
an additional silicon-rich insulating ?lm is formed under the 
second ?uorine-containing insulating ?lm, then the silicon 
rich insulating ?lms prevent the ?uorine atoms, contained in 
the ?rst and second ?uorine-containing insulating ?lms, 
from reaching the upper- and loWer-level metal intercon 
nects, respectively. 

[0012] Therefore, in the semiconductor device of the 
present invention, not only reduction in parasitic capaci 
tances betWeen the loWer-level metal interconnects them 
selves and betWeen the loWer- and upper-level metal inter 
connects, but also improvement of contact betWeen the 
loWer- or upper-level metal interconnects and the interlevel 
insulating ?lm are realiZed. As a result, a highly reliable 
semiconductor device can be provided. 
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[0013] In one embodiment of the present invention, the 
silicon-rich insulating ?lm preferably includes: a ?rst sili 
con-rich insulating ?lm formed under the second ?uorine 
containing insulating ?lm; and a second silicon-rich insu 
lating ?lm formed over the second ?uorine-containing 
insulating ?lm. 

[0014] In such an embodiment, the ?uorine atoms, con 
tained in the ?rst ?uorine-containing insulating ?lm, cannot 
reach the upper-level metal interconnects, While the ?uorine 
atoms, contained in the second ?uorine-containing insulat 
ing ?lm, cannot reach the upper- or loWer-level metal 
interconnects. 

[0015] In another embodiment of the present invention, 
the silicon-rich insulating ?lm is preferably a silicon-rich 
oxide ?lm containing a larger quantity of silicon than a 
quantity de?ned by stoichiometry. 

[0016] In this embodiment, the refractive index of the 
silicon-rich oxide ?lm is preferably 1.48 or more. Then, the 
passage of ?uorine atoms through the silicon-rich oxide ?lm 
can be prevented With much more certainty. 

[0017] In an alternate embodiment of the present inven 
tion, the silicon-rich insulating ?lm is preferably a silicon 
rich nitride ?lm containing a larger quantity of silicon than 
a quantity de?ned by stoichiometry. 

[0018] In this embodiment, the refractive index of the 
silicon-rich nitride ?lm is preferably 2.05 or more. Then, the 
passage of ?uorine atoms through the silicon-rich nitride 
?lm can be prevented With a lot more certainty. 

[0019] In still another embodiment, the ?rst and second 
?uorine-containing insulating ?lms are preferably ?uorine 
containing silicon dioxide ?lms formed by doping respec 
tive silicon dioxide ?lms With ?uorine. 

[0020] In such an embodiment, the parasitic capacitances 
betWeen the loWer-level metal interconnects themselves and 
betWeen the loWer- and upper-level metal interconnects can 
be reduced With even more certainty. 

[0021] A method for fabricating a semiconductor device 
according to the present invention includes the steps of: a) 
forming loWer-level metal interconnects and a ?rst ?uorine 
containing insulating ?lm over a semiconductor substrate, 
the ?rst ?uorine-containing insulating ?lm being made of a 
?uorine-doped insulator and interposed betWeen adjacent 
ones of the loWer-level metal interconnects; b) forming an 
interlevel insulating ?lm to cover the loWer-level metal 
interconnects and the ?rst ?uorine-containing insulating 
?lm; and c) forming upper-level metal interconnects on the 
interlevel insulating ?lm. The step b) includes the step of: 
forming a second ?uorine-containing insulating ?lm made 
of a ?uorine-doped insulator; and forming a silicon-rich 
insulating ?lm containing a larger quantity of silicon than a 
quantity de?ned by stoichiometry. 

[0022] In accordance With the method of the present 
invention, an interlevel insulating ?lm, including the second 
?uorine-containing insulating ?lm made of a ?uorine-doped 
insulator and the silicon-rich insulating ?lm containing a 
larger quantity of silicon than a quantity de?ned by stoichi 
ometry, can be formed With more certainty. 

[0023] In one embodiment of the present invention, the 
step b) preferably includes: forming a ?rst silicon-rich 
insulating ?lm over the loWer-level metal interconnects; 
forming the second ?uorine-containing insulating ?lm over 
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the ?rst silicon-rich insulating ?lm; and forming a second 
silicon-rich insulating ?lm over the second ?uorine-contain 
ing insulating ?lm. 

[0024] In another embodiment of the present invention, 
the silicon-rich insulating ?lm is preferably a silicon-rich 
oxide ?lm containing a larger quantity of silicon than a 
quantity de?ned by stoichiometry. 

[0025] In an alternate embodiment of the present inven 
tion, the silicon-rich insulating ?lm is preferably a silicon 
rich nitride ?lm containing a larger quantity of silicon than 
a quantity de?ned by stoichiometry. 

[0026] In still another embodiment, the ?rst and second 
?uorine-containing insulating ?lms are preferably ?uorine 
containing silicon dioxide ?lms formed by doping respec 
tive silicon dioxide ?lms With ?uorine. 

[0027] In this embodiment, the ?rst and second ?uorine 
containing silicon dioxide ?lms are preferably deposited by 
a plasma CVD process at a temperature in the range from 
415° C. to 460° C. 

[0028] Then, the ?uorine atoms, contained in the ?uorine 
containing silicon dioxide ?lms, are even less likely to be 
separated from the silicon atoms. Accordingly, the diffusion 
of ?uorine atoms can be prevented With much more cer 
tainty. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0029] FIG. 1 is a cross-sectional vieW of a semiconductor 
device according to the ?rst embodiment of the present 
invention. 

[0030] FIGS. 2(a) through 2(c) are cross-sectional vieWs 
illustrating respective process steps of a ?rst method for 
fabricating the semiconductor device of the ?rst embodi 
ment. 

[0031] FIGS. 3(a) and 3(b) are cross-sectional vieWs illus 
trating respective process steps of the ?rst method for 
fabricating the semiconductor device of the ?rst embodi 
ment. 

[0032] FIGS. 4(a) through 4(c) are schematic representa 
tions illustrating hoW Si, O and F atoms are bonded to each 
other in a ?uorine-containing silicon dioxide ?lm deposited 
by a plasma CVD process. 

[0033] FIG. 5 is a graph illustrating variations in concen 
tration of ?uorine in respective interlevel insulating ?lms 
formed by a conventional method and the ?rst and second 
methods of the present invention as measured in the depth 
direction. 

[0034] FIG. 6 is a cross-sectional vieW of a semiconductor 
device according to the second embodiment of the present 
invention. 

[0035] FIGS. 7(a) through 7(c) are cross-sectional vieWs 
illustrating respective process steps for fabricating the semi 
conductor device of the second embodiment. 

[0036] FIGS. 8(a) and 8(b) are cross-sectional vieWs illus 
trating respective process steps for fabricating the semicon 
ductor device of the second embodiment. 

[0037] FIG. 9 is a cross-sectional vieW of a conventional 
semiconductor device. 
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DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0038] Embodiment 1 

[0039] Hereinafter, a semiconductor device according to 
the ?rst embodiment of the present invention Will be 
described With reference to FIG. 1. 

[0040] FIG. 1 illustrates a cross-sectional structure of the 
semiconductor device according to the ?rst embodiment. As 
shoWn in FIG. 1, an insulating ?lm 11, made of silicon 
dioxide, is formed on a semiconductor substrate 10. On the 
insulating ?lm 11, a plurality of loWer-level metal intercon 
nects 12 are formed. Each of these metal interconnects 12 
has a multilayer structure formed by stacking: a ?rst tita 
nium ?lm 12a With an exemplary thickness of 50 nm; a ?rst 
aluminum alloy ?lm 12b With an exemplary thickness of 500 
nm; and a ?rst titanium nitride ?lm 12c With an exemplary 
thickness of 50 nm in this order. It should be noted that the 
?rst aluminum alloy ?lm 12b is preferably made of an 
aluminum alloy containing 0.5 atomic percent of copper 
(Cu) to prevent electromigration. 

[0041] A ?rst silicon-rich oxide ?lm 13, containing a 
larger quantity of silicon than that de?ned by stoichiometry, 
is formed to cover the loWer-level metal interconnects 12 
and to be 20 nm thick, for example. A ?uorine-containing 
silicon dioxide ?lm 14 is formed over the ?rst silicon-rich 
oxide ?lm 13 by doping a silicon dioxide ?lm With ?uorine 
at a concentration of 5.0 atomic percent, for example. In this 
case, the ?uorine-containing silicon dioxide ?lm 14 is pref 
erably formed to ?ll in gaps betWeen adjacent ones of the 
loWer-level metal interconnects 12 and to cover the loWer 
level metal interconnects 12. Part of the ?uorine-containing 
silicon dioxide ?lm 14, interposed betWeen the loWer-level 
metal interconnects 12, is de?ned as a “?rst ?uorine-con 
taining insulating ?lm” in the appended claims. The other 
part of the ?uorine-containing silicon dioxide ?lm 14, over 
lying the loWer-level metal interconnects 12, is de?ned as a 
“second ?uorine-containing insulating ?lm” in the claims 
and is preferably about 600 nm thick, for example. Asecond 
silicon-rich oxide ?lm 15, containing a larger quantity of 
silicon than that de?ned by stoichiometry, is formed over the 
?uorine-containing silicon dioxide ?lm 14 to be 20 nm thick, 
for example. And over the second silicon-rich oxide ?lm 15, 
an ordinary silicon dioxide ?lm 16, not doped With ?uorine, 
is formed to be 400 nm thick, for example. The ?rst 
silicon-rich oxide ?lm 13, the ?uorine-containing silicon 
dioxide ?lm 14, the second silicon-rich oxide ?lm 15 and the 
silicon dioxide ?lm 16 together constitute an interlevel 
insulating ?lm. 

[0042] On the silicon dioxide ?lm 16, a plurality of 
upper-level metal interconnects 17 are formed. Each of these 
metal interconnects 17 has a multilayer structure formed by 
stacking: a second titanium ?lm 17a With an exemplary 
thickness of 50 nm; a second aluminum alloy ?lm 17b With 
an exemplary thickness of 500 nm; and a second titanium 
nitride ?lm 17c With an exemplary thickness of 50 nm in this 
order. It should be noted that the second aluminum alloy ?lm 
17b is also preferably made of an aluminum alloy containing 
0.5 atomic percent of copper (Cu) to prevent electromigra 
tion. 

[0043] The ?rst and second titanium ?lms 12a and 17a 
each reduce contact resistance betWeen the metal intercon 
nect and a contact (i.e., a tungsten plug). The ?rst and second 
titanium nitride ?lms 12c and 17c each function as an 
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antire?ection ?lm during the formation of the metal inter 
connect by patterning metal ?lms. And the silicon dioxide 
?lm 16 improves the contact betWeen the ?uorine-contain 
ing silicon dioxide ?lm 14 and the upper-level metal inter 
connects 17. 

[0044] In this embodiment, the ?rst and second silicon 
rich oxide ?lms 13 and 15 are formed under and over the 
?uorine-containing silicon dioxide ?lm 14, respectively. 
During a subsequent heat treatment process, ?uorine atoms, 
contained in the ?uorine-containing silicon dioxide ?lm 14, 
are going to diffuse upWard and doWnWard. HoWever, there 
are a great number of silicon atoms having extra bonds, or 
dangling bonds, in the ?rst and second silicon-rich oxide 
?lms 13 and 15. Accordingly, the ?uorine atoms are trapped 
by the dangling bonds of the silicon atoms contained in the 
?rst and second silicon-rich oxide ?lms 13 and 15. That is 
to say, only a very small number of ?uorine atoms, contained 
in the ?uorine-containing silicon dioxide ?lm 14, can reach 
the loWer- and upper-level metal interconnects 12 and 17. 
Thus, no degraded layers are formed in the respective 
interfaces betWeen the loWer- and upper-level metal inter 
connects 12 and 17 and the interlevel insulating ?lm. As a 
result, the contact betWeen the loWer- and upper-level metal 
interconnects 12 and 17 and the interlevel insulating ?lm 
improves. 
[0045] The quantity of silicon contained in the ?rst and 
second silicon-rich oxide ?lms 13 and 15 Will be exempli 
?ed. The content of silicon in an ordinary silicon dioxide 
(Sio2) ?lm is de?ned by stoichiometry at about 33.3 atomic 
percent (=1/3). In contrast, the content of silicon in the ?rst 
and second silicon-rich oxide ?lms 13 and 15 is preferably 
set at about 35.0 atomic percent or more, e.g., about 36.2 
atomic percent. This is because if the content of silicon is 
about 35.0 atomic percent or more, then the passage of 
?uorine atoms, contained in the ?uorine-containing silicon 
dioxide ?lm 14 at a concentration of 5.0 atomic percent, for 
example, can be prevented With much more certainty. 

[0046] In general, a refractive index of a silicon dioxide 
?lm is often used as a barometer for measuring the concen 
tration of silicon contained in the silicon dioxide ?lm. That 
is to say, the larger the refractive index of a silicon dioxide 
?lm is, the higher the concentration of silicon in the silicon 
dioxide ?lm Would be. For example, When the content of 
silicon is 35 .0 atomic percent, the refractive index of a 
silicon dioxide ?lm is 1.48. On the other hand, When the 
content of silicon is 36.2 atomic percent, the refractive index 
of a silicon dioxide ?lm is 1.50. Accordingly, if the refrac 
tive index of a silicon-rich oxide ?lm is 1.48 or more, then 
the content of silicon in the silicon-rich oxide ?lm is 35.0 
atomic percent or more, thus preventing the ?uorine atoms, 
contained in the ?uorine-containing silicon dioxide ?lm, 
from passing therethrough. 

[0047] First Fabricating Method 

[0048] Hereinafter, a ?rst method for fabricating the semi 
conductor device according to the ?rst embodiment of the 
present invention Will be described With reference to FIGS. 
2(a) through 3(b). 
[0049] First, as shoWn in FIG. 2(a), trenches are formed 
in respective parts of a semiconductor (e.g., silicon) sub 
strate 100 to be ?eld oxide regions. Then, a silicon dioxide 
?lm is deposited by a CVD process, for example, to ?ll in 
the trenches and thereby form a ?eld oxide ?lm 101. 
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[0050] Next, as shown in FIG. 2(b), a plurality of tran 
sistors 102, each including doped layers, a gate insulating 
?lm, a gate electrode and a sideWall, are formed on the 
semiconductor substrate 100. In this case, the transistor 102, 
located at the center in FIG. 2(b), is connected to the 
semiconductor substrate 100 on the right- and left-hand 
sides of the associated part of the ?eld oxide ?lm 101. 
Thereafter, as shoWn in FIG. 2(c), an insulating ?lm 103, 
made of silicon dioxide, is deposited over the entire surface 
of the semiconductor substrate 100. 

[0051] Subsequently, as shoWn in FIG. 3(a), a plurality of 
contact holes are formed Within the insulating ?lm 103 and 
?lled in With tungsten by a CVD process, for example, 
thereby forming ?rst contacts 104. Then, a ?rst titanium ?lm 
105a With an exemplary thickness of 50 nm, a ?rst alumi 
num alloy ?lm 105b With an exemplary thickness of 500 nm 
and a ?rst titanium nitride ?lm 105c With an exemplary 
thickness of 50 nm are stacked in this order on the insulating 
?lm 103. And the ?rst titanium ?lm 105a, the ?rst aluminum 
alloy ?lm 105b and the ?rst titanium nitride ?lm 105c are 
patterned, thereby forming loWer-level metal interconnects 
105. 

[0052] Then, a plasma CVD process is performed using a 
mixed gas of SiH4, O2 and Ar gases, thereby forming a ?rst 
silicon-rich oxide ?lm 106 (refractive index: 1.50) to cover 
the loWer-level metal interconnects 105 and to be 20 nm 
thick, for example. The ?rst silicon-rich oxide ?lm 106 
contains a larger quantity of silicon than that de?ned by 
stoichiometry. 

[0053] Next, a plasma CVD process is performed again at 
380° C. using a mixed gas of SiH4, O2, SiF4 and Ar gases, 
thereby depositing a ?uorine-containing silicon dioxide ?lm 
107 (relative dielectric constant: 3.6) over the ?rst silicon 
rich oxide ?lm 106. The ?uorine-containing silicon dioxide 
?lm 107 is obtained by doping a silicon dioxide ?lm With 
?uorine at a concentration of 5.0 atomic percent, for 
example. 

[0054] Subsequently, a plasma CVD process is performed 
again using a mixed gas of SiH4, O2 and Ar gases, thereby 
forming a second silicon-rich oxide ?lm 108 (refractive 
index: 1.50) over the ?uorine-containing silicon dioxide ?lm 
107. The second silicon-rich oxide ?lm 108 also contains a 
larger quantity of silicon than that de?ned by stoichiometry. 

[0055] Next, a plasma CVD process is performed again 
using a mixed gas of SiH4, N2, O and N2 gases, thereby 
depositing a silicon dioxide ?lm 109 (refractive index: 1.46) 
over the second silicon-rich oxide ?lm 108 to be 2000 nm 
thick, for example. Then, the silicon dioxide ?lm 109 is 
polished by a CMP technique, for example, such that the 
total thickness thereof is about 1000 nm. In this manner, an 
interlevel insulating ?lm, consisting of the ?rst silicon-rich 
oxide ?lm 106, the ?uorine-containing silicon dioxide ?lm 
107, the second silicon-rich oxide ?lm 108 and the silicon 
dioxide ?lm 109, is obtained With a planariZed surface. 

[0056] Then, as shoWn in FIG. 3(b), a plurality of contact 
holes are formed Within the interlevel insulating ?lm and 
?lled in With tungsten by a CVD process, for example, 
thereby forming second contacts 110. Then, a second tita 
nium ?lm 111a With an exemplary thickness of 50 nm, a 
second aluminum alloy ?lm 111b With an exemplary thick 
ness of 500 nm and a second titanium nitride ?lm 11c With 
an exemplary thickness of 50 nm are stacked in this order on 
the silicon dioxide ?lm 109. And the second titanium ?lm 
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111a, the second aluminum alloy ?lm 111b and the second 
titanium nitride ?lm 111c are patterned, thereby forming 
upper-level metal interconnects 111. The semiconductor 
device according to the ?rst embodiment is completed in this 
manner. 

[0057] Second Fabricating Method 

[0058] Hereinafter, a second method for fabricating the 
semiconductor device according to the ?rst embodiment of 
the present invention Will be described. 

[0059] The second method is characteriZed by the process 
step of depositing the ?uorine-containing silicon dioxide 
?lm 107. But the other process steps are the same as the 
counterparts of the ?rst method. Thus, only the process step 
of depositing the ?uorine-containing silicon dioxide ?lm 
107 Will be described beloW. 

[0060] In accordance With the second method, a plasma 
CVD process is performed at a temperature Within the range 
from 415° C. to 460° C. using a mixed gas of SiH4, O2, SiF4 
and Ar gases, thereby depositing the ?uorine-containing 
silicon dioxide ?lm 107. The ?uorine-containing silicon 
dioxide ?lm 107 is obtained by doping a silicon dioxide ?lm 
With ?uorine at a concentration of 5.0 atomic percent, for 
example. 

[0061] Next, it Will be described Why the plasma CVD 
process is performed Within the temperature range from 
415° C. to 460° C. 

[0062] FIGS. 4(a) through 4(c) illustrate hoW Si, O and F 
atoms are bonded to each other in the ?uorine-containing 
silicon dioxide ?lm 107 deposited by the plasma CVD 
process. FIG. 4 (a) illustrates a state Where O and F atoms 
are alternately bonded to adjacent Si atoms. FIG. 4(b) 
illustrates a state Where an F atom is bonded to each of 
adjacent Si atoms With an O atom interposed therebetWeen. 
And FIG. 4(c) illustrates a state Where an F atom is directly 
bonded to each of adjacent Si atoms. If O and F atoms are 
alternately bonded to Si atoms as shoWn in FIG. 4(a), an F 
atom is strongly bonded to an associated Si atom. In 
contrast, if F atoms are bonded to Si atoms With O atoms 
interposed therebetWeen as shoWn in FIG. 4(b), then bond 
ing betWeen F and O atoms is separable more easily. And if 
F atoms are directly bonded to adjacent Si atoms as shoWn 
in FIG. 4(c), then bonding betWeen F and Si atoms is 
separable more easily. These bonding relationships are Well 
knoWn in the art. 

[0063] The present inventors experimentally performed 
plasma CVD processes at various temperatures. As a result, 
We found that if the plasma CVD is performed at a tem 
perature of 415° C. or more, the bonding state shoWn in 
FIG. 4(a) is observed a greater number of times, Whereas the 
bonding states shoWn in FIGS. 4(b) and 4(c) are not 
observed so many times. In addition, We found that if the 
plasma CVD is performed at a temperature of 410° C. or 
less, then the bonding states shoWn in FIGS. 4(b) and 4(c) 
are observed a larger number of times. And We also found 
that the higher the temperature setting of the plasma CVD is, 
the greater number of times the bonding state shoWn in FIG. 
4(a) is observed. 

[0064] Nevertheless, once the temperature for the plasma 
CVD exceeds 460° C., the ?rst aluminum alloy ?lm 105b, 
one of the layers for the loWer-level metal interconnects 105, 
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is more likely to melt. As a result, the cross-sectional shape 
of the loWer-level metal interconnects 105 is gradually 
deformed. 

[0065] Accordingly, the plasma CVD process is preferably 
performed Within the temperature range from 415° C. to 
460° C. 

[0066] FIG. 5 illustrates variations in concentration of 
?uorine in respective interlevel insulating ?lms formed by a 
conventional method (labeled as “prior art” in FIG. 5) and 
?rst and second methods of the present invention (labeled as 
“ex. 1” and “ex. 2” in FIG. 5, respectively) as measured in 
the depth direction. It should be noted that FIG. 5 illustrates 
data measured by secondary ion mass spectroscopy (SIMS). 
In FIG. 5, SiO2 (5) and (16) is a region corresponding to a 
silicon dioxide ?lm not doped With ?uorine; SiO2 (15) is a 
region corresponding to a silicon-rich oxide ?lm; and SiO2 
(4) and (14) is a region corresponding to a ?uorine-contain 
ing silicon dioxide ?lm. 

[0067] As can be seen from FIG. 5, the concentration of 
?uorine in the ?uorine-containing silicon dioxide ?lm is 
higher in the ?rst embodiment (ex. 1 and ex. 2) than in the 
prior art. At the same depth from the surface, the concen 
trations of ?uorine in the silicon dioxide ?lms are loWer in 
the ?rst embodiment than in the prior art. Also, in the ?rst 
embodiment (ex. 1 and ex. 2), the concentration of ?uorine 
varies to a large degree in the region corresponding to the 
silicon-rich oxide ?lm. Furthermore, at the same depth from 
the surface, the concentration of ?uorine in the silicon 
dioxide ?lm is loWer in ex. 2 than in ex. 1. 

[0068] Accordingly, it Was con?rmed that a smaller num 
ber of F atoms diffuse toWard the silicon dioxide ?lm in the 
interlevel insulating ?lm of the ?rst embodiment than in the 
conventional interlevel insulating ?lm. And it Was also 
con?rmed that a smaller number of F atoms diffuse toWard 
the silicon dioxide ?lm in the interlevel insulating ?lm 
formed by the second method than the interlevel insulating 
?lm formed by the ?rst method. 

[0069] Embodiment 2 

[0070] Hereinafter, a method for fabricating a semicon 
ductor device according to the second embodiment of the 
present invention Will be described With reference to FIG. 6. 

[0071] FIG. 6 illustrates a cross-sectional structure of the 
semiconductor device according to the second embodiment. 
As shoWn in FIG. 6, a ?rst ?uorine-containing silicon 
dioxide ?lm 21, obtained by doping a silicon dioxide ?lm 
With ?uorine at a concentration of 5.0 atomic percent, for 
example, is formed on a semiconductor substrate 20. And 
loWer-level metal interconnects 22 are buried in the ?rst 
?uorine-containing silicon dioxide ?lm 21. Each of these 
loWer-level metal interconnects 22 consists of: a ?rst barrier 
layer 22a made of titanium nitride or tantalum nitride; and 
a ?rst copper ?lm 22b. 

[0072] A silicon-rich nitride ?lm 23, containing a larger 
quantity of silicon than that de?ned by stoichiometry, is 
formed over the entire surface of the ?rst ?uorine-containing 
silicon dioxide ?lm 21 and the loWer-level metal intercon 
nects 22. 

[0073] A second ?uorine-containing silicon dioxide ?lm 
24, obtained by doping a silicon dioxide ?lm With ?uorine 
at a concentration of 5.0 atomic percent, for example, is 
formed on the silicon-rich nitride ?lm 23. And upper-level 
metal interconnects 25 are buried in the second ?uorine 
containing silicon dioxide ?lm 24. Each of these upper-level 
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metal interconnects 25 consists of: a second barrier layer 
25a made of titanium nitride or tantalum nitride; and a 
second copper ?lm 25b. 

[0074] In the second embodiment, the silicon-rich nitride 
?lm 23 is formed under the second ?uorine-containing 
silicon dioxide ?lm 24. During a subsequent heat treatment 
process, ?uorine atoms, contained in the second ?uorine 
containing silicon dioxide ?lm 24, are going to diffuse 
doWnWard. HoWever, there are a great number of silicon 
atoms having extra bonds, or dangling bonds, in the silicon 
rich nitride ?lm 23. Accordingly, the ?uorine atoms are 
trapped by the dangling bonds of the silicon atoms contained 
in the silicon-rich nitride ?lm 23. That is to say, only a very 
small number of ?uorine atoms, contained in the second 
?uorine-containing silicon dioxide ?lm 24, can reach the 
loWer-level metal interconnects 22. Thus, no degraded lay 
ers are formed in the interface betWeen the loWer-level metal 
interconnects 22 and the interlevel insulating ?lm. As a 
result, the contact betWeen the loWer-level metal intercon 
nects 22 and the interlevel insulating ?lm improves. 

[0075] Particularly, in the second embodiment, a silicon 
rich nitride ?lm With a relatively high ?lm density of 2.7 
g/cm is formed instead of the silicon-rich oxide ?lm of the 
?rst embodiment With a relatively loW ?lm density of 2.3 
g/cm3. Accordingly, it is harder for the ?uorine atoms, 
contained in the second ?uorine-containing silicon dioxide 
?lm 24, to pass through the silicon-rich nitride ?lm 23. 

[0076] The quantity of silicon contained in the silicon-rich 
nitride ?lm 23 Will be exempli?ed. The content of silicon in 
an ordinary silicon nitride (Si3N4) ?lm is de?ned by sto 
ichiometry at about 43 atomic percent In contrast, the 
content of silicon in the silicon-rich nitride ?lm 23 is 
preferably about 45 atomic percent or more. This is because 
if the content of silicon is about 45 atomic percent or more, 
then the passage of ?uorine atoms, contained in the second 
?uorine-containing silicon dioxide ?lm 24 at a concentration 
of 5.0 atomic percent, for example, can be prevented With 
much more certainty. 

[0077] A refractive index of a silicon nitride ?lm is also 
often used as a barometer for measuring the concentration of 
silicon contained in the silicon nitride ?lm. For example, 
When the content of silicon is 45 atomic percent, the 
refractive index of a silicon nitride ?lm is 2.05. Accordingly, 
if the refractive index of a silicon-rich nitride ?lm is 2.05 or 
more, then the content of silicon in the silicon-rich nitride 
?lm is 45 atomic percent or more, thus preventing the 
?uorine atoms, contained in the ?uorine-containing silicon 
dioxide ?lm, from passing therethrough. 

[0078] The ?rst and second barrier layers 22a and 25a are 
provided to prevent oxygen atoms, contained in the ?rst and 
second ?uorine-containing silicon dioxide ?lms 21 and 24, 
from diffusing toWard the ?rst and second copper ?lms 22b 
and 25b, respectively. These layers 22a and 25a are also 
provided to prevent copper atoms, contained in the ?rst and 
second copper ?lms 22b and 25b, from diffusing toWard the 
?rst and second ?uorine-containing silicon dioxide ?lms 21 
and 24, respectively. Also, the ?rst and second barrier layers 
22a and 25a are made of highly dense titanium nitride or 
tantalum nitride. Therefore, these layers 22a and 25a can 
prevent ?uorine atoms, contained in the ?rst and second 
?uorine-containing silicon dioxide ?lms 21 and 24, from 
diffusing toWard the ?rst and second copper ?lms 22b and 
25b of the loWer- and upper-level metal interconnects 22 and 
25, respectively. 
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[0079] Fabricating Method 
[0080] Next, a method for fabricating the semiconductor 
device according to the second embodiment of the present 
invention Will be described With reference to FIGS. 7 and 
8. 

[0081] First, as shoWn in FIG. 7(a), a plasma CVD 
process is performed using a mixed gas of SiH4, O2, SiF4 
and Ar gases, thereby depositing a ?rst ?uorine-containing 
silicon dioxide ?lm 201 over a semiconductor (e.g., silicon) 
substrate 200. The ?rst ?uorine-containing silicon dioxide 
?lm 201 is obtained by doping a silicon dioxide ?lm With 
?uorine at a concentration of 5.0 atomic percent, for 
example. Thereafter, ?rst-level interconnect recesses 201a 
are formed in respective regions of the ?rst ?uorine-con 
taining silicon dioxide ?lm 201 Where loWer-level metal 
interconnects are to be formed. 

[0082] Next, as shoWn in FIG. 7(b), sputtering is per 
formed Within a nitrogen ambient using titanium or tantalum 
target, thereby depositing a ?rst barrier layer 202, made of 
titanium nitride or tantalum nitride, over the entire surface of 
the semiconductor substrate 200 as Well as the ?rst-level 
interconnect recesses 201a. Then, a ?rst copper ?lm 203 is 
deposited by a plating technique over the entire surface of 
the ?rst barrier layer 202. 

[0083] Subsequently, as shoWn in FIG. 7(c), respective 
portions of the ?rst barrier layer 202 and the ?rst copper ?lm 
203, Which are located on the surface of the ?rst ?uorine 
containing silicon dioxide ?lm 201, are removed by a CMP 
technique, for example. As a result, loWer-level metal inter 
connects 204 are formed out of the ?rst barrier layer 202 and 
the ?rst copper ?lm 203. 

[0084] Then, as shoWn in FIG. 8(a), a plasma CVD 
process is performed using a mixed gas of SiH4, NH3 and N2 
gases, thereby forming a silicon-rich nitride ?lm 205 (refrac 
tive index: 2.05) over the entire surface of the semiconductor 
substrate 200 to cover the loWer-level metal interconnects 
204. The silicon-rich nitride ?lm 205 contains a larger 
quantity of silicon than that de?ned by stoichiometry. 

[0085] Thereafter, a plasma CVD process is performed 
again using a mixed gas of SiH4, O2, SiF4 and Ar gases, 
thereby depositing a second ?uorine-containing silicon 
dioxide ?lm 206 on the silicon-rich nitride ?lm 205. The 
second ?uorine-containing silicon dioxide ?lm 206 is 
obtained by doping a silicon dioxide ?lm With ?uorine at a 
concentration of 5.0 atomic percent, for example. Then, 
second-level interconnect recesses 206a are formed in 
respective regions of the second ?uorine-containing silicon 
dioxide ?lm 206 Where upper-level metal interconnects are 
to be formed. 

[0086] Next, as shoWn in FIG. 8(b), sputtering is per 
formed Within a nitrogen ambient using titanium or tantalum 
target, thereby depositing a second barrier layer 208, made 
of titanium nitride or tantalum nitride, over the entire surface 
of the semiconductor substrate 200 as Well as the second 
level interconnect recesses 206a. Then, a second copper ?lm 
209 is deposited by a plating technique over the entire 
surface of the second barrier layer 208. 

[0087] Subsequently, respective portions of the second 
barrier layer 208 and the second copper ?lm 209, Which are 
located on the surface of the second ?uorine-containing 
silicon dioxide ?lm 206, are removed by a CMP technique, 
for example. As a result, upper-level metal interconnects are 
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formed out of the second barrier layer 208 and the second 
copper ?lm 209. In this manner, the semiconductor device 
according to the second embodiment shoWn in FIG. 6 is 
completed. 
[0088] In the foregoing ?rst and second embodiments, a 
?uorine-containing silicon dioxide ?lm, formed by doping a 
silicon dioxide ?lm With ?uorine, is used as an exemplary 
?uorine-containing insulating ?lm doped With ?uorine. 
Alternatively, a ?uorine-containing silicon nitride ?lm, 
formed by doping a silicon nitride ?lm With ?uorine, may 
also be used. 

What is claimed is: 
1. A semiconductor device comprising: 

a semiconductor substrate; 

loWer-level metal interconnects placed over the semicon 
ductor substrate; 

a ?rst silicon-rich insulating ?lm Which contains a larger 
quantity of silicon than a quantity de?ned by stoichi 
ometry and covers the loWer-level metal interconnects 
such that a recess covered With the ?rst silicon-rich 
insulating ?lm is formed betWeen the loWer-level metal 
interconnects; 

a ?uorine-containing insulating ?lm on the ?rst silicon 
rich insulating ?lm, the ?uorine-containing insulating 
?lm being made of a ?uorine-doped insulator and 
?lling the recess betWeen the loWer-level metal inter 
connects covered With the ?rst-silicon rich insulating 
?lm; 

a second silicon-rich insulating ?lm on the ?uorine 
containing insulating ?lm, Which contains a larger 
quantity of silicon than a quantity de?ned by stoichi 
ometry; 

a silicon-containing insulating ?lm over the second sili 
con-rich insulating ?lm, the silicon-containing insulat 
ing ?lm containing silicon in a quantity de?ned by 
stoichiometry; and 

upper-level metal interconnects over the silicon-contain 
ing insulating ?lm. 

2. The semiconductor device of claim 1, Wherein each of 
the ?rst silicon-rich insulating ?lm and the second silicon 
rich insulating ?lm is a silicon-rich oxide ?lm containing a 
larger quantity of silicon than a quantity de?ned by stoichi 
ometry. 

3. The semiconductor device of claim 1, Wherein each of 
the ?rst silicon-rich insulating ?lm and the second silicon 
rich insulating ?lm is a silicon-rich nitride ?lm containing a 
larger quantity of silicon than a quantity de?ned by stoichi 
ometry. 

4. The semiconductor device of claim 1, Wherein the 
?uorine-containing insulating ?lm is a ?uorine-containing 
silicon dioxide ?lm formed by doping a silicon dioxide ?lm 
With ?uorine. 

5. The semiconductor device of claim 4, Wherein the 
?uorine-containing silicon dioxide ?lm is deposited by a 
plasma CVD at a temperature in the range from 415° C. to 
460° C. 


