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FIG. 2 
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FIG. 3 
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FIG. 5 

AREA 2.50E - 03c2 Dox = 76.4A dV dt = 020V sec 
Cox s 1130.00pf Cmin = 80.00pF 
Vib = -153W Nsubs 3.2E + 151 cm3 Temp. = 296K 
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FIG. 6 

AREA 2.505 - 03cm2. Doxa 680A dV dt =.02OVA sec 
Cox - 1270.00pf Cmins 95.00pF 
Wibs -.179W Nsubs 3.2E + 151 cm3 Temp. = 296K 
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FIG. 7A 
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FIG. 7B 

SAMPLE = FILE NAME SUB 
AREA as 2.50E - 03cm2. Dox s 82.2A dV / dt = -02OVA sec 
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FIG. 7C 

SAMPLE = FE NAMEs SUBas 
AREA = 2.5OE - O3Cm2 Dox as 82.2A dW dts 02OW Sec 
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FIG. 8A 
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FIG. 8B 
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FIG. 8C 
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FIG. 9 
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FIG. 10 
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FIG. 11 
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FIG, 12A 
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FIG. 12B 
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FIG. 12D 
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FIG. 12E 
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FIG. 12F 
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FIG. 13A 
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FIG. 13B 
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FIG. 13C 
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FIG. 13D 
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FIG. 13F 
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FIG. 14A 

606 605 

F a us a as a was on a ral e s r. v c e s is k - in m as v a. s. 6O4. 603 Ya-Yar'AAAAAAAYAA 

602 

6O1 

  

  



Patent Application Publication Dec. 6, 2001 Sheet 29 of 32 US 2001/004898.0 A1 

FIG. 14B 
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FIG. 14D 
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HIGH DENSITY PLASMA ENHANCED CHEMICAL 
WAPOR DEPOSITION METHOD 

BACKGROUND OF THE INVENTION 

0001. The present invention relates to an improved high 
density plasma enhanced chemical vapor deposition method, 
and more particularly to an improved high density plasma 
enhanced chemical vapor deposition method for depositing 
an inter-layer insulator or a passivation film which buries an 
aperture of adjacent interconnections having a Small dis 
tance. 

0002 Multilevel interconnections and inter-layer insula 
tors are essential to increase a density of integration of 
Semiconductor integrated circuits. In order to reduce a 
parasitic capacitance between different level interconnec 
tions and adjacent two of the same level interconnections, 
Silicon dioxide is often used for the inter-layer insulator. 
0003. In order to realize the required size down, it is of 
course required to reduce a distance between adjacent two of 
the same level interconnections. In order to reduce a resis 
tance of the interconnection, it is also required to increase an 
Sectioned area of the interconnection. For those reasons, a 
high aspect ratio of an aperture between adjacent two of the 
Same level interconnections is thus required to both realize 
the required size down and reduce the resistance of the 
interconnection, wherein an aspect ratio is defined to be a 
ratio of a thickness of an interconnection layer or a height of 
the interconnection to a distance between the adjacent two of 
the same level interconnections. The interconnection layers 
are required to be buried within an insulating layer Such as 
an inter-layer insulator or a passivation layer. This means 
that it is required to fill the insulating layer into the high 
aspect ratio aperture between adjacent two of the same level 
interconnections 

0004. A plasma enhanced chemical vapor deposition 
method for deposition of an insulating film has been on the 
development wherein a high frequency power is applied to 
a Silicon Substrate. This plasma enhanced chemical vapor 
deposition method utilizes a dependency of a Sputtering 
etching rate of argon ions upon an oblique angle, wherein the 
Sputtering etching rate is higher efficiency to a sloped 
portion. This makes it possible to use the argon ion Sput 
tering etching method to remove the insulation film on a 
corner of a step-shaped portion or a rectangular-shaped 
portion, so that the insulation film is filled into the narrow 
aperture between the adjacent two of the same level inter 
connections at the same time when the insulating film is 
deposited. The deposition and the Sputtering are concur 
rently carried out. If a ratio of the Sputtering rate to the 
deposition rate is high, it is possible to realize a required 
complete burying of the insulation film into an extremely 
narrow aperture between the adjacent two of the same level 
interconnections. In this case, however, the effect deposition 
rate defined by a Subtraction of the Sputtering rate from the 
deposition rate is low. A Sufficiently large deposition rate is 
necessary in order to realize the required complete burying 
of the insulation film into the extremely narrow aperture 
between the adjacent two of the same level interconnections. 
0005. An electron cyclotron resonance plasma enhanced 
chemical vapor deposition method is a typical one of the 
high density plasma enhanced chemical vapor deposition 
methods. These high density plasma enhanced chemical 
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Vapor deposition methods may form a high density plasma 
having an electron density of about 1x10" (cm) even 
under a low pressure of about a several tends mTorr. The 
ions of the plasma under the low pressure has a high 
directivity which permits the silicon oxide film to be depos 
ited to bury an extremely narrow aperture between the 
adjacent two of the Same level interconnections, wherein the 
extremely narrow aperture has an aspect ratio of not leSS 
than 1 and a distance between the adjacent two of the same 
level interconnections is not higher than 0.5 micrometers. 
The other high density plasma enhanced chemical vapor 
deposition methods are, for example, a helicon wave plasma 
enhanced chemical vapor deposition method and an induc 
tively coupled plasma enhanced chemical vapor deposition 
method. Every plasma enhanced chemical vapor deposition 
methods arc characterized by a deposition under a possible 
low pressure in a reaction chamber vacuumed by a turbo 
molecular pump. 
0006. A chemical mechanical polishing method is also 
available following to the above high density plasma chemi 
cal vapor deposition method So the insulating film is depos 
ited to bury the extremely narrow aperture between the 
adjacent two of the same level interconnections before a 
Surface of the deposited insulating film is then planarized. 
0007. In International Electron Meeting 1992, Fukuda et 
al., entitled “International Electron Device Meeting techni 
cal Digest, Dec. 13, 1992, pp. 285-288, it is disclosed that 
the electron cyclotron resonance plasma enhanced chemical 
Vapor deposition method is used to evaluate qualities of the 
deposited insulating films influenced by a difference in 
frequency of a high frequency power applied to the Sub 
strate. If the high frequency power of 400 kHz is applied to 
the Substrate, then a wet etching rate to the Silicon nitride 
film by a buffered fluorine acid is lower than when the high 
frequency power of 13.56 MHz is applied to the Substrate. 
The fact of the low etching rate to the silicon nitride film 
deposited by the high density plasma enhanced chemical 
Vapor deposition by applying the high frequency power of 
400 kHz to the Substrate means that the decreases in fre 
quency of the power to be applied to the Substrate for the 
high density plasma enhanced chemical vapor deposition 
results in increases in film density and quality of the depos 
ited silicon nitride film. The mechanism of the above phe 
nomenon is as follows. If the power of not so high fre 
quency, for example, about 400 kHz is applied to the 
Substrate for the high density plasma enhanced chemical 
Vapor deposition, then heavy ions have efficient collisions 
with the insulating film. This efficient collisions increase the 
film density of the insulating film. 
0008. In general, if the power of the very high frequency, 
for example, 13.56 MHz is applied to the Substrate for the 
high density plasma enhanced chemical vapor deposition, 
then electrons accord to the very high frequency due to those 
Small mass whilst ions having a relatively large mass, for 
example, argon ions, do not follow the very high frequency. 
AS a result, the ions having a relatively large mass Such as 
argon ions are simply accelerated in direct current by a 
potential difference between ion sheathes. Namely, under the 
very high frequency condition, the ions having a relatively 
large mass Such as argon ions are dc-accelerated by a 
Self-bias which corresponds to a potential difference defined 
by Vp-Vt, wherein Vp is a potential of plasma with reference 
to the ground potential whilst Vt is a potential of a Surface 
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of the Substrate with reference to the ground potential. If, 
however, the power of not So high frequency Such as 400 
kHz is applied to the Substrate for the high density plasma 
enhanced chemical vapor deposition method, then the ions 
of a relatively large mass follow the not So high frequency, 
for which reason positive ions of a relatively large mass Such 
as argon ions are accelerated for every half period So that the 
accelerated positive ions have collisions with the Substrate. 
Many collisions of the ions to the insulation film increases 
the film density and quality of the insulating film. 
0009. In Solid State Technology, Apr. 1990, pp. 139-144, 
entitled “Ion bombardment: A Determining factor in Plasma 
CVD', it is disclosed that the ions having a relatively large 
follow the frequency of not higher than 3 MHz. 

0010. In the above circumstances, it had been required to 
develop a novel high density plasma enhanced chemical 
Vapor deposition method free from the above disadvantage 
and problems. 

SUMMARY OF THE INVENTION 

0011. Accordingly, it is an object of the present invention 
to provide a novel high density plasma enhanced chemical 
vapor deposition method free from the above problems. 
0012. It is a her object of the present invention to provide 
a novel high density plasma enhanced chemical vapor 
deposition method capable of depositing an insulating film 
having a high quality and a high property. 

0013. It is further more object of the present invention to 
provide a novel high density plasma enhanced chemical 
Vapor deposition method capable of depositing an insulating 
film having an interface State free interface with a Silicon 
Substrate. 

0.014. It is a still further object of the present invention to 
provide a novel high density plasma enhanced chemical 
Vapor deposition method capable of depositing an insulating 
film at a good Step coverege. 

0.015. It is yet a further object of the present invention to 
provide a novel high density plasma enhanced chemical 
Vapor deposition method capable of depositing an insulating 
film which buries an extremely narrow aperture of a high 
aspect ratio between adjacent two of the same level inter 
connections. 

0016. The first present invention provides a first novel 
high density plasma enhanced chemical vapor deposition 
method for depositing a Silicon dioxide film on a Silicon 
region, wherein the plasma enhanced chemical vapor depo 
Sition method includes at least both a first deposition period 
during which a first power having a first frequency is applied 
to the Silicon region and a Second deposition period during 
which a Second power having a Second frequency which is 
lower than the first frequency is applied to the Silicon region. 

0.017. The second present invention provides a second 
novel method of forming an Si/SiO interface, wherein a 
high density plasma enhanced chemical vapor deposition is 
carried out to deposit an SiO film on an Si-region by 
applying the Si region with a power having a frequency 
which is maintained in the range of not less than 1.8 MHz 
So as to Suppress formation of any interface State on the 
Si/SiO, interface. 
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0018. The third present invention provides a third novel 
high density plasma enhanced chemical vapor deposition 
method for depositing a Silicon dioxide film on a Silicon 
region, wherein the plasma enhanced chemical vapor depo 
Sition method is carried out by applying the Silicon region 
with a power having a frequency which is maintained in a 
first high frequency range of not less than 1.8 MHZ during 
at least an initial period of the deposition. 
0019. The above and other objects, features and advan 
tages of the present invention will be apparent from the 
following descriptions. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0020 Preferred embodiments according to the present 
invention will be described in detail with reference to the 
accompanying drawings. 

0021 FIG. 1 is a schematic diagram illustrative in 
equivalent circuit of a plasma enhanced chemical vapor 
deposition System. 

0022 FIG. 2 is a schematic diagram illustrative of a high 
density plasma enhanced chemical vapor deposition System. 

0023 FIG. 3 is a diagram illustrative of variation in wet 
etching rate ratio of plasma enhanced CVD Silicon oxide 
film with buffered fluorine acid to a thermal oxide film over 
depth from a surface of the CVD silicon oxide film, wherein 
the wet etching rate is normalized with the thermal oxide 
film. 

0024 FIG. 4 is a fragmentary cross sectional elevation 
view illustrative of a MOS structure for evaluation of an 
interface state density of SiO/Si interface to evaluate the 
plasma damage. 

0025 FIG. 5 is a diagram illustrative of variations in 
Semi-static capacitance over bias Voltage of the Silicon oxide 
film deposited by the high density plasma enhanced chemi 
cal vapor deposition method with application of the high 
frequency power of 13.56 MHz. 
0026 FIG. 6 is a diagram illustrative of variations in 
Semi-static capacitance over bias Voltage of the Silicon oxide 
film deposited by the high density plasma enhanced chemi 
cal vapor deposition method with application of the low 
frequency power of 1.8 MHz. 
0027 FIG. 7A is a diagram illustrative of variations in 
Semi-static capacitance over bias Voltage of the Silicon oxide 
film deposited by the high density plasma enhanced chemi 
cal vapor deposition method with application of the low 
frequency power of 1.8 MHz and 1250W to the n-type 
Silicon Substrate of 6 inches, wherein a Silicon oxide film 
having a thickness of about 1 micrometer is deposited by the 
high density plasma enhanced chemical vapor deposition 
method with constant flow rate ratio of 1.4 of oxygen to 
Silane and increase in flow rate of Silane as increase of the 
power and at a constant temperature of 350° C. controlled by 
controlling a helium pressure on the bottom Surface of the 
Silicon Substrate. 

0028 FIG. 7B is a diagram illustrative of variations in 
Semi-static capacitance over bias Voltage of the Silicon oxide 
film deposited by the high density plasma enhanced chemi 
cal vapor deposition method with application of the low 
frequency power of 1.8 MHz and 1600W to the n-type 
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Silicon Substrate of 6 inches, wherein a Silicon oxide film 
having a thickness of about 1 micrometer is deposited by the 
high density plasma enhanced chemical vapor deposition 
method with constant flow rate ratio of 1.4 of oxygen to 
Silane and increase in flow rate of Silanc as increase of the 
power and at a constant temperature of 350° C. controlled by 
controlling a helium pressure on the bottom Surface of the 
Silicon Substrate. 

0029 FIG. 7C is a diagram illustrative of variations in 
Semi-static capacitance over bias Voltage of the Silicon oxide 
film deposited by the high density plasma enhanced chemi 
cal vapor deposition method with application of the low 
frequency power of 1.8 MHz and 2000W to the n-type 
Silicon Substrate of 6 inches, wherein a Silicon oxide film 
having a thickness of about 1 micrometer is deposited by the 
high density plasma enhanced chemical vapor deposition 
method with constant flow rate ratio of 1.4 of oxygen to 
Silane and increase in flow rate of Silane as increase of the 
power and at a constant temperature of 350° C. controlled by 
controlling a helium pressure on the bottom Surface of the 
Silicon Substrate. 

0030 FIG. 8A is a diagram illustrative of variations in 
density of the interface State on an interface between the 
silicon Substrate and the CVD silicon oxide film deposited 
under the conditions of FIG. 7A, wherein the density of the 
interface State is calculated from the discrepancy of the 
measured capacitance-voltage curve of FIG. 7A from the 
ideal capacitance-Voltage curve. 
0031 FIG. 8B is a diagram illustrative of variations in 
density of the interface State on an interface between the 
silicon Substrate and the CVD silicon oxide film deposited 
under the conditions of FIG. 7B, wherein the density of the 
interface State is calculated from the discrepancy of the 
measured capacitance-voltage curve of FIG. 7B from the 
ideal capacitance-Voltage curve. 
0.032 FIG. 8C is a diagram illustrative of variations in 
density of the interface State on an interface between the 
silicon Substrate and the CVD silicon oxide film deposited 
under the conditions of FIG. 7C, wherein the density of the 
interface State is calculated from the discrepancy of the 
measured capacitance-voltage curve of FIG. 7C from the 
ideal capacitance-Voltage curve. The interface State density 
is most accurate in the vicinity of a mid-gap, for example, 
the Surface potential center and the accuracy of the interface 
State density is deteriorated as being distanced from the 
Center. 

0033 FIG. 9 is a dial illustrative of variations of interface 
State densities at the mid-gap over the Substrate bias power. 
0034 FIG. 10 is a diagram illustrative of variations in 
interface State density at mid-gap over film thickness of the 
polysilicon gate MOS structure in the high density plasma 
enhanced chemical vapor deposition method, wherein a 
constant high frequency power of 2000W is applied to the 
Substrate. 

0.035 FIG. 11 is a diagram illustrative of variations in 
interface State density at mid-gap over film thickness of the 
polysilicon gate MOS structure in the high density plasma 
enhanced chemical vapor deposition method, wherein a base 
Silicon oxide film is deposited by applying a high frequency 
power to the Substrate and Subsequently an overlaying 
Silicon oxide film is then deposited by applying a lower 
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frequency power to the Substrate So that a total thickness of 
the base Silicon dioxide film and the overlaying Silicon 
dioxide film is fixed at 1000 nanometers. 

0036 FIGS. 12A through 12F are fragmentary cross 
Sectional elevation views illustrative of a novel method of 
forming an inter-layer insulator in a multilevel interconnec 
tion Structure by use of the novel high density plasma 
enhanced chemical vapor deposition method in a first 
embodiment. 

0037 FIGS. 13A through 13F are fragmentary cross 
Sectional elevation views illustrative of a novel method of 
forming an inter-layer insulator in a multilevel interconnec 
tion Structure by use of the novel high density plasma 
enhanced chemical vapor deposition method in a Second 
embodiment. 

0038 FIGS. 14A through 14E are fragmentary cross 
Sectional elevation views illustrative of a novel method of 
forming a passivation in a multilevel interconnection Struc 
ture by use of the novel high density plasma enhanced 
chemical vapor deposition method in a third embodiment 

DISCLOSURE OF THE INVENTION 

0039 The first present invention provides a first novel 
high density plasma enhanced chemical vapor deposition 
method for depositing a Silicon dioxide film on a Silicon 
region, wherein the plasma enhanced chemical vapor depo 
Sition method includes at least both a first deposition period 
during which a first power having a first frequency is applied 
to the Silicon region and a Second deposition period during 
which a Second power having a Second frequency which is 
lower than the first frequency is applied to the Silicon region. 

0040. It is preferable that the first deposition period 
corresponds to an initial deposition period of the high 
density plasma enhanced chemical vapor deposition method. 

0041. It is further preferable that the first frequency is 
13.56 MHZ. 

0042. It is also preferable that the silicon region com 
prises a Surface of a Silicon Substrate. 

0043. It is further preferable that a plurality of intercon 
nections are provided on the Surface of the Silicon Substrate 
at a pitch in the range of 0.2 micrometers to 0.5 micrometers 
to define apertures having a maximum aspect ratio in the 
range of 1.0 to 3.0 between adjacent two of the intercon 
nections. 

0044) The second present invention provides a second 
novel method of forming an Si/SiO interface, wherein a 
high density plasma enhanced chemical vapor deposition is 
carried out to deposit an SiO film on an Si region by 
applying the Si region with a power having a frequency 
which is maintained in the range of not less than 1.8 MHz 
So as to SuppreSS formation of any interface State on the 
Si/SiO, interface. 
0045. It is preferable that the high density plasma 
enhanced chemical vapor deposition is carried out by use of 
a Source gas which includes hydrogen. 

0046. It is also preferable that the frequency is fixed 
during the formation of the Si/SiO interface. 
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0047 
MHZ. 

0.048. It is also preferable that the frequency is varied 
during the formation of the Si/SiO interface. 

It is further preferable that the frequency is 13.56 

0049. The third present invention provides a third novel 
high density plasma enhanced chemical vapor deposition 
method for depositing a Silicon dioxide film on a Silicon 
region, wherein the plasma enhanced chemical vapor depo 
Sition method is carried out by applying the Silicon region 
with a power having a frequency which is maintained in a 
first high frequency range of not less than 1.8 MHZ during 
at least an initial period of the deposition. 
0050. It is preferable that the frequency of the power is 
maintained in the first high frequency range until an end of 
the deposition. 
0051. It is also preferable that the frequency of the power 
is fixed at 13.56 MHz. 

0.052 It is also preferable that the frequency of the power 
is continuously decreased from the first frequency range 
after the initial period of the deposition. 
0053. It is further preferable that the frequency of the 
power is simply decreased. 
0054. It is also preferable that the frequency of the power 
is once continuously decreased before the frequency of the 
power is increased. 
0055. It is also preferable that the frequency of the power 
is discontinuously decreased from the first frequency range 
after the initial period of the deposition. 
0056. It is also preferable that the frequency of the power 
is once discontinuously decreased before the frequency of 
the power is increased. 
0057. It is also preferable that the high density plasma 
enhanced chemical vapor deposition is carded out by use of 
a Source gas which includes hydrogen. 
0.058 It is also preferable that the silicon region com 
prises a Surface of a Silicon Substrate on which a plurality of 
interconnections are provided at a pitch in the range of 0.2 
micrometers to 0.5 micrometers to define apertures having a 
maximum aspect ratio in the range of 1.0 to 3.0 between 
adjacent two of the interconnections. 
0059 For realizing the above first to third novel high 
density plasma enhanced chemical vapor deposition meth 
ods, an inductively coupled plasma enhanced chemical 
Vapor deposition method may be available. 
0060 For deposition of the silicon dioxide film reactions 
gases including Silane, Oxygen and argon may be used. 
0061 For deposition of a fluoro-containing silicon diox 
ide film, reaction gases including Silane, Silicon tetrafluo 
ride, oxygen and argon may be used 
0.062. In Japanese laid-open patent publication No. 
2-15630, it is disclosed to use a parallel plate plasma 
enhanced chemical vapor deposition method for depositing 
a Silicon nitride film Over a Silicon Substrate Surface on 
which aluminum interconnections have already been pro 
Vided. This parallel plate plasma enhanced chemical vapor 
deposition method for depositing the Silicon nitride film is 
quite different from the above novel present high density 
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plasma enhanced chemical vapor deposition method in 
accordance with the first to third present inventions in the 
following viewpoints. For StreSS relaxation and reduction in 
damage of the Substrate, a passivation film is deposited by 
a first plasma enhanced chemical vapor deposition at a first 
frequency of about 13.56 MHZ before a further passivation 
film of Silicon nitride is then deposited by the Second plasma 
enhanced chemical vapor deposition at a Second frequency 
of, for example, 50 kHz or 400 kHz. In this case, the 
deposition of the silicon nitride fill is carried out by use of 
the parallel plate plasma enhanced chemical vapor deposi 
tion method to deposit the Silicon nitride film over a Surface 
of the Silicon Substrate on which aluminum interconnections 
are formed. In this parallel plate plasma enhanced chemical 
Vapor deposition method, a high frequency power is Sup 
plied through a blocking capacitor to a top electrode whilst 
a Scepter of the Substrate is grounded. This parallel plate 
plasma enhanced chemical vapor deposition method is not to 
apply a high frequency power to the Substrate to forcibly 
attractions onto the Substrate Surface, whereby the parallel 
plate plasma enhanced chemical vapor deposition method is 
free from the deposition and Sputtering processes concur 
rently carried out under the control to cause the deposition 
rate to be slightly higher than the Sputtering rate for obtain 
ing the good Step coverage to bury the insulating film within 
the narrow aperture of a high aspect ratio. The parallel plate 
plasma enhanced chemical vapor deposition is carried out 
under a pressure of, for example, a few Torr which is much 
higher than a pressure of the high density plasma enhanced 
chemical vapor deposition with applying the high frequency 
power to the Substrate in accordance with the first, Second 
and third present inventions, for which reason the parallel 
plate plasma enhanced chemical vapor deposition is disad 
Vantageous in low directivity of ions. The parallel plate 
plasma enhanced chemical vapor deposition has a leSS 
Sputtering effect or an extremely low Sputtering rate, for 
which reason it is difficult for the parallel plate plasma 
enhanced chemical vapor deposition to completely bury an 
insulating film within an aperture of 0.5 micrometers 
between the adjacent two of the same level interconnections 
on the Silicon Substrate Surface, without formation of any 
Void. The above Japanese publication addresses that use of 
the low frequency power causes the base layer Surface to be 
Sputtered with ions, whereby the underlying insulating film, 
the aluminum interconnections and the CVD silicon nitride 
film are charged up, resulting in variations in properties of 
the device. In accordance with the present invention, how 
ever, the high frequency power of, for example, 13.56 MHz 
is applied to the Substrate for carrying out the high density 
plasma enhanced chemical vapor deposition of the Silicon 
dioxide from on the silicon surface, whereby the CVD 
Silicon oxide film and the interconnections arc charged up at 
a constant potential as compared to when the low frequency 
power of, for example, 400 kHz is applied to the substrate. 
A deterioration of the gate oxide film is proportional to a 
total amount of charges having passed through the gate 
oxide film. If the low frequency power of 400 kHz is applied 
to the substrate, then the film quality is likely to be dete 
riorated. The cause of deterioration of the film is not charge 
up phenomenon but is the charge having passed through the 
oxide film. 

0063. In view of the improvement in the quality of the 
film, it may be proposed to use the parallel plate plasma 
enhanced chemical vapor deposition System which utilize 
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the high frequency power of 13.56 MHz and the low 
frequency power of 400 kHz. In this case, the scepter of the 
Substrate is applied with the power which is not higher than 
one tenth of the power to be applied for the high density 
plasma enhanced chemical vapor deposition. Further, the 
density of the plasma of the high density plasma enhanced 
chemical vapor deposition is higher by at least two digits 
than the plasma density of the parallel plate plasma 
enhanced chemical vapor deposition. For those reasons, a 
large number of ions are be attracted onto the Substrate. The 
quality or property of the Silicon oxide film deposited by the 
high density plasma enhanced chemical vapor deposition 
method is much better than the quality of the silicon nitride 
film deposited by the parallel plate plasma enhanced chemi 
cal vapor deposition method. The etching rate ratio of the 
Silicon nitride film deposited by the parallel plate plasma 
enhanced chemical vapor deposition method to the thermal 
oxide film is extremely large, for example, about 2.5. 
0.064 Consequently, the issue solved by the present 
invention is quite different from the issue to be solved by the 
parallel plate plasma enhanced chemical vapor deposition 
method 

0065. The step coverage of the insulation film deposited 
by the biased plasma enhanced chemical vapor deposition 
method depends upon the ratio of the Sputtering rate to the 
deposition rate. If the ratio of the Sputtering rate to the 
deposition rate is high, the Step coverage of the insulation 
film is high. In order to bury the insulating film into the 
narrow aperture between the adjacent two of the same level 
interconnections without formation of any void, at least any 
one of the following conditions is required. First, a flow rate 
of the reaction gas is decreased to reduce the deposition rate 
relative to the Sputtering rate. Second, a flow rate of an argon 
gas as an inert gas is increased relative to a flow rate of the 
reaction gas to increase the Sputtering rate relative to the 
deposition rate. Third, a high frequency power to be applied 
to the Substrate is increased to increase the Sputtering rate. 
0.066 The above first method is disadvantageous in 
decreasing the deposition rate. The above Second method is 
disadvantageous in increasing the necessary preSSure for the 
deposition of the insulating film whereby the increased 
preSSure deteriorates the directivity of ions, resulting in a 
deterioration of the Step coverage. Further, a partial pressure 
of an oxidizing agent Such as Oxygen is reduced and also 
argon is captured into the insulating film, for which reason 
the above first and Second methods are also disadvantageous 
in that a shoulder portion of a Stepped portion of the base 
interconnection is Sputtered by argon ions. The remaining 
third method is also disadvantageous in variation in Step 
coverage for the following reasons. In order to increase the 
Sputtering effect, it is required to increase ion energy. In 
order to increase the ion energy, it is required to increase the 
Speed of the ions because ions having a large momentum 
defined by a product of ion mass and ion Speed have a high 
capability of Sputtering the insulating film If the high 
frequency power having a high frequency of about 13.56 
MHZ is applied to the Substrate, the ions having a mass 
larger than electrons do not follow variations of the elec 
tromagnetic field of such high frequency of about 13.56 
MHZ, for which reason the ions are simply accelerated in 
de-current by a Self-bias. 
0067. It is, however, difficult to increase the self-bias Vdc 
in the high density plasma for the following reasons. FIG. 
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1 is a Schematic diagram illustrative in equivalent circuit of 
a plasma enhanced chemical vapor deposition System. A 
resistance R and a capacitance Cs are connected in parallel 
to each other between ions sheathes or between a plasma 
1101 and a substrate 1106. The capacitance Cs is further 
connected in Series to an external blocking capacitor 1108. 
A self-bias Vdc is applied between the ion sheathes or 
between the plasma 1101 and the substrate 1106. 
0068 The frequency of the power applied to the substrate 
is increased thereby decreasing an impedance Z (=R/(1+ 
jcoCsR) between the ion sheathes or between the plasma 
1101 and the substrate 1106, whereby a current between the 
ion sheathes is increased, wherein the current is defined to 
be he number of charge particles incident into the Substrate 
par a unit time is increased, resulting in a decrease in the dc 
Self-bias. Since as described above the ions having a larger 
mass than electrons are simply accelerated by the Self-bias 
under the condition for applying the high frequency power 
to the Substrate, then the decrease of the self-bias results in 
a decease in acceleration of the ions. This, even if the power 
generated by a high frequency power supply 1109 to be 
applied to a pedestal 1107, on which the Substrate 1106 is 
placed, remains unchanged, then the increase in frequency 
of the power to be applied to the pedestal 1107 results in the 
increase but only in the number of the impactions par a unit 
area and a unit time. The argon ions having a Small Speed or 
a Small momentum are incapable of Sputtering atoms on a 
Sloped portion of the insulating Film, for which reason the 
Step coverage is deteriorated 

0069. Further, in order to obtain a large self-bias Vdc, it 
is required that a capacitance Cb of the external blocking 
capacitor 1108 is Sufficiently larger than the capacitance Cs. 
The capacitance CS is, however, proportional to a Square 
root of an electron density (ne) of the plasma 1101, for which 
reason if the density of the plasma is increased, then the 
capacitance Cs of the capacitor 1105 comes larger than the 
capacitance Cb of the external blocking capacitor 1108, 
resulting in no increase in the Speed of the accelerated ions. 
Under the high density plasma conditions, an unpractically 
large increase in the capacitance Cb of the external blocking 
capacitor 1108 is necessary for obtaining the large Self-bias 
for causing the large acceleration of the ions. This means it 
is practically difficult to obtain the desired large self-bias by 
use of the blocking capacitor 1108 under the high density 
plasma conditions. 

0070. In other words, if, under the conditions for apply 
ing the high frequency power of 13.56 MHz to the Substrate, 
the density of the plasma is increased whilst the Substrate 
bias power remains unchanged, then the Step coverage is 
deteriorated. 

0071. Even if, in order to improve the quality of the 
insulating film, the microwave power for causing the elec 
tron cyclotron resonant plasma is increased to increase the 
decomposition efficiency for increasing the density of the 
plasma, then the Self-bias Vdc is decreased and the Step 
coverage of the insulating film is also deteriorated. This 
deterioration of the Step coverage of the insulating film is 
problem particularly when nitrogen and Silane are used to 
deposit a Silicon nitride film Nitrogen shows no decompo 
Sition in a low density plasma in a parallel plate plasma 
enhanced chemical vapor deposition System but is likely to 
be decomposed in the high density plasma. The decomposed 
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nitrogen is likely to be reactive. This tendency is remarkable 
when a total flow rate of the introduction gas is increased to 
increase the deposition rate, whereby the deterioration of the 
Step coverage is also remarkable. The increase in pressure of 
the introduced gas makes longer a remaining time of the 
introduced gas in the chamber whereby the decomposition 
efficiency is risen to increase the density of electrons (ne). In 
this case, even if the Substrate bias power is increased to 
intend to ensure the Step coverage, it is difficult to improve 
the Step coverage So long as the high frequency power of 
about 13.56 MHz is applied to the Substrate because a part 
of the Substrate bias power is Supplied to the plasma 
whereby the density of the plasma is increased. 

0072) If, however, the low frequency power of about 400 
kHz is applied to the Substrate, then the ions of larger mass 
than electrons follow variations of the electromagnetic field 
of about 400 kHz. An impedance Z between the ion sheathes 
under application of Such low frequency power is lower than 
when the high frequency power of about 13.56 MHz is 
applied to the Substrate. The reduction in impedance 
between the ion sheathes results in an increase of the 
Self-bias Vdc. During a half period, positive ions Such as 
argon having a larger mass than electrons are accelerated to 
show a large collision with the Substrate. 
0073. It was confirmed that if the frequency of the power 
to be applied to the Substrate is lowered whilst the substrate 
bias power remains unchanged, then the quality or property 
of the deposited insulating film is improved. FIG. 2 is a 
Schematic diagram illustrative of a high density plasma 
enhanced chemical vapor deposition System. Inductive coils 
303 are provided which extend around a bell-jar 304. A high 
frequency Source power is generated by a high frequency 
power source 308 and then applied to the inductive coils 
303. A high frequency power of 13.56 MHz is generated by 
a first high frequency power source 309, whilst a low 
frequency power of 1.8 MHZ is generated by a Second high 
frequency power source 310 so that selected one of the high 
and low frequency powers is applied to a pedestal 307 which 
has a Surface coated with a ceramic. A Substrate 306 is 
adsorbed with an electrostatic force onto the ceramic-coated 
surface of the pedestal 307. Abottom surface of the substrate 
306 is cooled by helium (He). 
0.074. A cooling liquid is circulated throughout an inter 
nal portion of the pedestal 307 to control a growth tempera 
ture. For example, Oxygen, Silane and argon are Supplied 
into the chamber at an oxygen flow rate of about 55 Sccm, 
a Silane flow rate of about 30 Scem and an argon flow rate 
of about 40 Scem respectively, So that an internal pressure of 
the chamber comes about 5.2 mTorr. A temperature of the 
cooling liquid and a helium pressure are controlled to Set the 
growth temperature at about 350° C. A high frequency 
power of about 3500W is applied to the inductive coils 303 
whilst a high frequency power of about 3500W is applied to 
the pedestal 307. The substrate 306 has a size of 6 inches. 

0075 FIG. 3 is a diagram illustrative of variation in wet 
etching rate ratio of plasma enhanced CVD Silicon oxide 
film with buffered fluorine acid to a thermal oxide film over 
depth from a surface of the CVD silicon oxide film, wherein 
the wet etching rate is normalized with the thermal oxide 
film. The thermal oxide film is formed by exposing the 
Substrate to a wet oxidation at 980 C. FIG. 3 shows that a 
surface portion of the CVD oxide film has a decreased wet 
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etching rate ratio as compared to the remaining portion of 
the CVD oxide film. This means that after the deposition of 
the film, the film is exposed to a plasma of oxygen and argon 
whereby a surface of the film is oxidized before the substrate 
is removed from the pedestal. The CVD oxide film deposited 
with a low frequency power of 1.8 MHZ has a lower wet 
etching rate ratio as compared to that of the CVD oxide film 
deposited with a high frequency power of 13.56 MHz 
0076 A Substrate is prepared which has aluminum inter 
connections Separated from each other at a distance of 0.35 
micrometers and by apertures of an aspect ratio of about 2. 
Silicon oxide films are deposited on that substrate under the 
same conditions as described above with reference to FIG. 
3. Namely, the silicon oxide films are deposited at the 
different power frequencies, for example, the lower fre 
quency power of 1.8 MHZ and the higher frequency power 
of 13.56 MHz under the same conditions of pressure, gas 
components and the power. In case of the high frequency 
power application, voids are formed in the CVD silicon 
oxide film within the apertures between adjacent two of the 
aluminum interconnections, whilst in the low frequency 
power application, no void is formed. 
0077 Needless to say, if the frequency of the power to be 
applied to the pedestal or the Substrate for the plasma 
enhanced chemical vapor deposition is further lowered from 
1.8 MHz, then the step coverege of the CVD oxide film is 
further improved. 
0078 Consequently, if the low frequency power of, for 
example, 400 kHz is applied to the substrate, then the 
Sputtering rate is increased proportionally to the increase in 
the Substrate bias power whereby the Step coverege is 
improved by increasing the Substrate bias power. If, how 
ever, the high frequency power of, for example, 13.56 MHz 
is applied to the Substrate, then the Sputtering rate is insuf 
ficiently increased even by a large increase in the Substrate 
bias power whereby it is difficult to improve the step 
coverege by increasing the Substrate bias power. 
0079 The foregoing descriptions show that the low fre 
quency power application to the Substrate Seems preferable 
to obtain the high density CVD oxide film with the good step 
coverage property. However, this low frequency power 
application to the Substrate for the high density plasma 
chemical vapor deposition method causes a problem with a 
plasma damage to a base transistor, wherein the plasma 
damage is not a damage due to no uniformity of plasma and 
is a damage caused even in a uniform plasma. Namely, this 
damage is remarkable particularly when the Semiconductor 
device is Scaled down. 

0080 FIG. 4 is a fragmentary cross sectional elevation 
view illustrative of a MOS structure for evaluation of an 
interface state density of SiO/Si interface to evaluate the 
plasma damage. Field oxide films 801 are formed on a 
surface of a silicon Substrate 801 to define an active region 
so that a gate oxide film 803 is formed for Subsequent 
deposition of a polysilicon film before phosphorus is ther 
mally diffused into the deposited polysilicon to carry out a 
normal patterning method to define a polysilicon gate 804 
which covers the gate oxide film 803. An atmospheric 
chemical vapor deposition method is carried out to deposit 
a silicon oxide film 805 doped with boron and phosphorus. 
A boro-phospho-silicate-glass film 806 is formed on the 
silicon oxide film 805 and then reflowed by a heat treatment 
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at 850 C. in a nitrogen atmosphere. A first opening is 
formed in the boro-phospho-silicate-glass film 806 by use of 
a photo-lithography technique and a Subsequent wet etching 
method. At this stage, a Semi-static capacitance-Voltage is 
measured to confirm that an interface State is Sufficiently low 
on an interface between the gate oxide film 803 and the 
silicon Substrate 801. Subsequently, a high density plasma 
enhanced chemical vapor deposition method is carried out to 
entirely deposit a silicon oxide film 808. A second opening 
809 is formed in the CVD silicon oxide film 808 by use of 
the photo-lithography technique and the Subsequent wet 
etching method so that the second opening 809 is positioned 
over the first opening 807 so that a part of the surface of the 
polysilicon gate 804 is shown through the first and second 
openings 807 and 809. The above silicon substrate is an 
n-type silicon Substrate. The silicon oxide film 808 has a 
thickness of about 1 micrometers. The gate oxide film 803 
on the active region surrounded by the field oxide films 802 
has an area of 2.5x10 cm. The first opening 807 also has 
the same area of 2.5x10 cm. A semi-static capacitance 
voltage is measured to confirm the following facts. FIG. 5 
is a diagram illustrative of variations in Semi-static capaci 
tance over bias Voltage of the Silicon oxide film deposited by 
the high density plasma enhanced chemical vapor deposition 
method with application of the high frequency power of 
13.56 MHz. FIG. 6 is a diagram illustrative of variations in 
Semi-static capacitance over bias Voltage of the Silicon oxide 
film deposited by the high density plasma enhanced chemi 
cal vapor deposition method with application of the low 
frequency power of 1.8 MHz. If the low frequency power of 
1.8 MHz is applied to the substrate, then a Convex portion 
appears on the capacitance-Voltage curve in the range of the 
bias voltage from -0.5V to -0.2V. namely, the capacitance 
Voltage curve is increased from the ideal capacitance-Volt 
age curve in the range of the bias Voltage from -0.5V to 
-0.2V. This means generation of interface State on the 
SiO/Si interface. Namely, if the low frequency power of, 
for example, 400 kHz is applied to the substrate to carry out 
the high density plasma chemical vapor deposition, then the 
interface state is formed on the SiO/Si interface. On the 
other hand, if the high frequency power of 13.56 MHz is 
applied to the Substrate, then the density of the interface State 
almost remains unchanged from the initial density before the 
deposition even the Substrate bias power is the same. 
Although the above phenomenon appears in case of the 
p-type Silicon Substrate, a discrepancy of the measured 
capacitance-Voltage curve from the ideal capacitance-Volt 
age curve is larger in case of the n-type Silicon Substrate. In 
View of Suppression of generation of the interface State, it is 
preferable to apply the high frequency power of 13.56 Mhz. 
to the Substrate. 

0.081 FIG. 7A is a diagram illustrative of variations in 
Semi-static capacitance over bias Voltage of the Silicon oxide 
film deposited by the high density plasma enhanced chemi 
cal vapor deposition method with application of the low 
frequency power of 1.8 MHz and 1250W to the n-type 
Silicon Substrate of 6 inches, wherein a Silicon oxide film 
having a thickness of about 1 micrometer is deposited by the 
high density plasma enhanced chemical vapor deposition 
method with constant flow rate ratio of 1.4 of oxygen to 
Silane and increase in flow rate of Silane as increase of the 
power and at a constant temperature of 350° C. controlled by 
controlling a helium pressure on the bottom Surface of the 
silicon substrate. FIG. 7B is a diagram illustrative of varia 
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tions in Semi-static capacitance over bias Voltage of the 
Silicon oxide film deposited by the high density plasma 
enhanced chemical vapor deposition method with applica 
tion of the low frequency power of 1.8 MHz and 1600W to 
the n-type Silicon Substrate of 6 inches, wherein a Silicon 
oxide film having a thickness of about 1 micrometer is 
deposited by the high density plasma enhanced chemical 
Vapor deposition method with constant flow rate ratio of 1.4 
of oxygen to Silane and increase in flow rate of Silane as 
increase of the power and at a constant temperature of 350 
C. controlled by controlling a helium pressure on the bottom 
surface of the silicon substrate. FIG. 7C is a diagram 
illustrative of variations in Semi-static capacitance over bias 
voltage of the silicon oxide film deposited by the high 
density plasma enhanced chemical vapor deposition method 
with application of the low frequency power of 1.8 MHz and 
2000W to the n-type silicon Substrate of 6 inches, wherein 
a Silicon oxide film having a thickness of about 1 micrometer 
is deposited by the high density plasma enhanced chemical 
Vapor deposition method with constant flow rate ratio of 1.4 
of oxygen to Silane and increase in flow rate of Silane as 
increase of the power and at a constant temperature of 350 
C. controlled by controlling a helium pressure on the bottom 
surface of the silicon substrate. FIG. 8A is a diagram 
illustrative of variations in density of the interface State on 
an interface between the silicon Substrate and the CVD 
silicon oxide film deposited under the conditions of FIG. 
7A, wherein the density of the interface state is calculated 
from the discrepancy of the measured capacitance-Voltage 
curve of FIG. 7A from the ideal capacitance-voltage curve. 
FIG. 8B is a diagram illustrative of variations in density of 
the interface State on an interface between the Silicon Sub 
strate and the CVD silicon oxide film deposited under the 
conditions of FIG. 7B, wherein the density of the interface 
State is calculated from the discrepancy of the measured 
capacitance-voltage curve of FIG. 7B from the ideal capaci 
tance-voltage curve. FIG. 8C is a diagram illustrative of 
variations in density of the interface State on an interface 
between the silicon Substrate and the CVD silicon oxide film 
deposited under the conditions of FIG. 7C, wherein the 
density of the interface State is calculated from the discrep 
ancy of the measured capacitance-voltage curve of FIG. 7C 
from the ideal capacitance-Voltage curve. The interface State 
density is most accurate in the vicinity of a mid-gap, for 
example, the Surface potential center and the accuracy of the 
interface State density is deteriorated as being distanced 
from the center. If the low frequency power of 1.8 MHz is 
applied to the Substrate, then the increase of the Substrate 
bias power results in a simple increase in the interface State 
density in the vicinity of the mid-gap. FIG. 9 is a diagram 
illustrative of variations of interface State densities at the 
mid-gap over the Substrate bias power. 

0082 In case of the low frequency power of 1.8 MHz, the 
density of the interface state between the silicon oxide film 
and each of the n-type and p-type Silicon Substrate is simply 
increased by increasing the Substrate bias power. The inter 
face States are once disappeared by a heat treatment with a 
hydrogen foaming gas. Notwithstanding, when a Voltage is 
applied to the polysilicon gate to apply a current StreSS to the 
gate oxide film the interface States are again formed. This 
phenomenon means that driving the transistor changes the 
threshold voltage from the initial value, whereby the reli 
ability of the Semiconductor device is deteriorated. 
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0.083. On the other hand, if the high frequency power of 
13.56 MHz is applied to the Substrate, then there appears 
almost no formation of the interface State due to plasma 
damage as shown in FIG. 5. 
0084. If the low frequency power of, for example, 400 
kHz is applied to the Substrate, then the positive ions having 
a larger mass than electrons follow variations of the elec 
tromagnetic field of 400 kHz, whereby the ions as the 
positive charges and electrons as the negative charges are 
alternately attracted to the Substrate in every the half period. 
This means that a total amount of the positive and negative 
charges passing through the gate oxide film is increased If, 
however, the high frequency power of, for example, 13.56 
MHZ is applied to the Substrate, then the positive ions having 
a larger mass than electrons do not follow variations of the 
electromagnetic field of 13.56MHz, whereby only electrons 
as the negative charges are attracted to the Substrate. As a 
result, the Surface of the Substrate is negatively charged at a 
constant potential. After the Surface of the Substrate has once 
been charged at the potential, the Same amount positive and 
negative charges arrive onto the Surface of the Substrate, for 
which reason no current flows through the gate oxide film. 
0085. Further, the application of the low frequency power 
to the Substrate causes a reduction in a total charge amount 
Qbd of the gate oxide film, wherein the total charge amount 
Qbd is a total amount of charges having flowed through the 
gate oxide film until a break down appears to the gate oxide 
film. The reduction in the total charge amount Qbd means 
that a total amount of charges having flowed through the 
gate oxide film prior to the measurement and also means that 
the density of the interface State is increased. Namely, when 
the charges passed through the gate oxide film, the interface 
States are formed on the interface between the Silicon 
substrate and the gate oxide film, whereby the reliability and 
durability of the silicon oxide film are also deteriorated. 
0.086 The above disadvantages with the low frequency 
power application are more remarkable when the power 
frequency is lower than the above frequency. 

0087. The above present invention is intended to realize 
a possible reduction or Suppression of formation of the 
interface State on the interface between Silicon and Silicon 
dioxide rather obtain a possible improvement in Step cov 
erage of the Silicon oxide film. 
0088. It was confirmed by the present inventors that the 
high frequency of not less than 1.8 MHz of the power to be 
applied to the Substrate for carrying out the high density 
plasma enhanced chemical vapor deposition method using a 
Source gas including hydrogen is essential for forming the 
interface between silicon and Silicon dioxide without for 
mation of interface States. In the prior art, it was presumed 
or considered that the high frequency of about 1.0 MHz of 
the power to be applied to the Substrate is available to form 
the interface State free interface between Silicon and Silicon 
dioxide. Actually, however, it was confirmed by the present 
inventors that if the high frequency power of about 1.0 MHz 
is applied to the Substrate, then hydrogen ions in the plasma 
could follow the variations in electromagnetic field of the 
frequency of about 1.0 MHZ because the hydrogen ion mass 
is Smaller than other positive ions, for which reason elec 
trons and hydrogen ions are alternately capable of passing 
through the silicon oxide film or the interfaces between 
them, for which reason the total amount of the charges 
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capable of passing through the Silicon oxide film or through 
the Si/SiO interface is larger than when only electrons could 
follow the variations in electromagnetic field. However, if 
the frequency of the power to be applied to the Substrate is 
increased to about 1.8 MHz, then the hydrogen ions could no 
longer follow the variations in electromagnetic field whilst 
only electrons could follow the variations in electromagnetic 
field, whereby the total amount of charges capable of 
passing through the Silicon oxide film or through the Si/SiO 
interface is reduced to a half. As a result, the formations of 
the interface state on the Si/SiO interface is remarkably 
Suppressed. For the present invention, it is more important to 
reduce the interface state on the Si/SiO interface rather 
improvement in the Step coverage of the Silicon dioxide film. 

0089. It will be described more concretely how to realize 
or practice the present invention as follows. 

0090. With reference again to FIG. 2, the inductively 
coupled plasma enhanced chemical vapor deposition System 
will be described which is available to realize the novel high 
density plasma enhanced chemical vapor deposition method 
in accordance with the present invention. Any one of the 
high frequency power source 309 and the low frequency 
power source 310 is selectable to apply a selected one of 
high and low frequency powers to the pedestal 307 on which 
the substrate 306 is adsorbed. Process gases including oxy 
gen and argon are introduced through a gas introduction port 
312 into the reaction chamber whilst a discharge through a 
Vacuum discharge port 313 by a turbo molecular pump is 
made to contain an internal preSSure of the chamber at not 
higher than Several tends mTorr. A high frequency power 
generated by a high frequency power Source 308 is applied 
through an automatic matching box 301 to the inductive 
coils 303, so that the power is transmitted from the inductive 
coils 303 through the bell-jar 304 to the plasma. Further, a 
Selected one of the high and low frequency powers gener 
ated by the high frequency power source 309 and the low 
frequency power source 310 is applied through both the 
automatic matching box 302 and a Switch 315 to the pedestal 
307 So that the selected one of the high and low frequency 
powers is applied to the substrate 306 on the pedestal 307. 
The operation o the Switch 315 is controlled by a controller 
314. Excited ions and radicals from the introduced process 
gas are attracted onto the surface of the substrate 306 applied 
with the Selected one of the high and low frequency powers 
to deposit the silicon oxide film on the silicon Substrate 306. 

0091. The pedestal 307 is made of a conductive material 
and a surface of the pedestal 307 is coated with an insulating 
film Such as alumina. The pedestal 307 is controlled in 
temperature by circulating a cooling liquid through an 
interior of the pedestal 307. A surface of the pedestal 307 has 
shallow grooves So that helium is filled in the grooves. A 
preSSure of the helium is controlled to control a temperature 
of the surface of the Substrate 306 at about 500 C. during 
the deposition process. 

0092 An evaluation of the plasma damage is made 
through the variations in interface State density of the 
Si/SiO, interface by use of the polysilicon gate MOS struc 
ture illustrated in FIG. 4. FIG. 10 is a diagram illustrative 
of variations in interface State density at mid-gap over film 
thickness of the polysilicon gate MOS structure in the high 
density plasma enhanced chemical vapor deposition method, 
wherein a constant high frequency power of 2000W is 
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applied to the substrate. The thickness of the film is varied 
whilst the silicon dioxide film growth conditions are fixed as 
follows. Oxygen is introduced into the chamber at a flow 
rate of about 55 Sccm. Silane is also introduced at a flow rate 
of about 39 sccm Argon is also introduced at a flow rate of 
about 55 Scem. An internal pressure of the chamber is Set at 
about 5.2 mTorr. The temperature of the cooling liquid and 
the preSSure of the helium are controlled to Set a growth 
temperature at about 350° C. A high frequency power of 
3500W is applied to the inductive coils whilst a high 
frequency power of 2000W is applied to the pedestal. The 
substrate has 6 inches size. The low frequency (LFV) is 1.8 
MHz whilst the high frequency (HFO) is 13.56 MHz. 
0093. If the low frequency power of 1.8 MHz is applied 
to the SubStrate, then the interface State density is rapidly 
increased as the thickness of the Silicon dioxide film is 
increased to about 100 nanometers, whilst the interface state 
density is gradually increased as the thickness of the Silicon 
dioxide film is further increased from about 100 nanometers. 
The phenomenon of current through the gate oxide film 
appears in the initial time period. If the high frequency 
power of 13.56 MHz is applied to the Substrate, then the 
interface State density is well Suppressed even the thickneSS 
of the silicon dioxide film is increased to about 1000 
nanometers. FIG. 11 is a diagram illustrative of variations in 
interface State density at mid-gap over film thickness of the 
polysilicon gate MOS structure in the high density plasma 
enhanced chemical vapor deposition method, wherein a base 
Silicon oxide film is deposited by applying a high frequency 
power to the Substrate and Subsequently an overlaying 
Silicon oxide film is then deposited by applying a lower 
frequency power to the Substrate So that a total thickness of 
the base Silicon dioxide film and the overlaying Silicon 
dioxide film is fixed at 1000 nanometers. The base silicon 
dioxide film having a thickness of only 50 nanometers 
deposited by the application high frequency power to the 
Substrate could Sufficiently SuppreSS the formation of the 
interface State density and also Suppress the plasma damage. 

PREFERRED EMBODIMENTS 

0094) First Embodiment 
0.095 A first embodiment according to the present inven 
tion will be described in detail with reference to FIGS. 12A 
through 12F which are fragmentary cross sectional eleva 
tion views illustrative of a novel method of forming an 
inter-layer insulator in a multilevel interconnection Structure 
by use of the novel high density plasma enhanced chemical 
Vapor deposition method. 

0096] With reference to FIG. 12A, a boro-phospho 
Silicate glass film as a base insulating layer is entirely 
deposited on a surface of a silicon Substrate 101 for Subse 
quent curing by a rapid thermal annealing method thereby to 
form a base insulating film 102 on the silicon Substrate 101. 
Contact holes not illustrated are formed in the base insulat 
ing film 102. A titanium film 103 having a thickness of about 
30 nanometers is deposited by a Sputtering method on a 
surface of the base insulating film 102. A titanium nitride 
film 104 having a thickness of about 130 nanometers is then 
deposited by the Sputtering method on a Surface of the 
titanium film 103. Further, an aluminum-copper alloy film 
105 having a thickness of about 450 nanometers is then 
deposited by the Sputtering method on a Surface of the 
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titanium nitride film 104. A titanium nitride film 106 having 
a thickness of about 50 nanometers is then deposited by the 
Sputtering method on a Surface of the aluminum-copper 
alloy film 105, thereby forming a laminated metal film 
having a thickness of about 660 nanometers on the base 
insulating film 102. The laminated metal film is patterned by 
the known method to form first level interconnections 107a, 
107b, 107c, 107d, and 107e. A minimum pitch or space 
between the adjacent interconnections is 0.35 micrometers. 
The minimum space has an aspect ratio of 1.9. 

0097. With reference to FIG. 12B, the inductively 
coupled plasma enhanced chemical vapor deposition System 
of FIG. 2 is used to carry out a first high density plasma 
enhanced chemical vapor deposition to deposit a first Silicon 
dioxide film 108 having a thickness of about 70 nanometers 
on the first level interconnections 107a, 107b, 107c, 107d, 
and 107e and on the base insulating film 102. This first high 
density plasma enhanced chemical vapor deposition is car 
ried out using Silane, Oxygen and argon gases with applica 
tion of a high frequency power of 13.56 MHz to the substrate 
101. A power of about 3000W is generated by the high 
frequency power source 308 whilst a power of about 
1300kW to be applied to the silicon Substrate 101 is gener 
ated by the high frequency power source 309. An internal 
pressure of the chamber is set at about 6 mTorr. A flow rate 
ratio of oxygen to silane is about 1.4. The pedestal 307 is 
cooled to maintain the substrate temperature at about 350 
C. The deposited first silicon dioxide film 108 has slightly 
overhang portions at Shoulder portions of the first level 
interconnections 107a, 107b, 107c, 107d, and 107e. 

0098. With reference to FIG. 12C the inductively 
coupled plasma enhanced chemical vapor deposition System 
of FIG. 2 is again used to carry out a Second high density 
plasma enhanced chemical vapor deposition to deposit a 
second silicon dioxide film 109 having a thickness of about 
1.9 micrometers on the first silicon dioxide film 108 to bury 
the apertures between the first level interconnections 107a, 
107b, 107c, 107d, and 107e so that the first level intercon 
nections 107a, 107b, 107c, 107d, and 107e are completely 
buried within the second silicon dioxide film 109 This 
Second high density plasma enhanced chemical vapor depo 
Sition is carried out using Silane, Oxygen and argon gases 
with application of a low frequency power of 1.8 MHz to the 
substrate 101. A power of about 3000W is generated by the 
high frequency power source 308 whilst a power of about 
1300kW to be applied to the silicon Substrate 101 is gener 
ated by the high frequency power source 309. An internal 
pressure of the chamber is set at about 6 mTorr. A flow rate 
ratio of oxygen to Silane is about 1.4. 

0099. With reference to FIG. 12D, a chemical mechani 
cal polishing method is carried out to polish a Surface of the 
Second silicon dioxide film 109 So that a total thickness of 
the first silicon dioxide film 108 and the second silicon 
dioxide film 109 over the first level interconnections 107a, 
107b, 107c, 107d, and 107c is about 800 manometers, 
thereby forming a planarized Surface of the Second Silicon 
dioxide film 109. A heat treatment is carried out at a 
temperature of about 400 C. in an nitrogen atmosphere for 
about 10 minutes to form a Surface-planarized inter-layer 
insulator 110. 

0100. With reference to FIG. 12E, a photo-lithography 
technique and Subsequent dry etching proceSS arc carried out 
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to Selectively remove the Surface-planarized inter-layer insu 
lator 110 and the titanium nitride film 106, thereby to form 
via holes 111a and 111b in the surface-planarized inter-layer 
insulator 110 So that the via holes 111a and 111b are 
positioned over the first level interconnections 107b and 
107d respectively, whereby the aluminum-copper alloy film 
105 is shown through the via holes 111a and 111b. 
0101. With reference to FIG. 12F, a titanium film 112 is 
entirely deposited by a Sputtering method. Further, a tita 
nium nitride film 113 is also deposited on the titanium film 
112 by the Sputtering method. A tungsten film is deposited 
by a chemical vapor deposition method on the titanium 
nitride film 113 to completely bury the via holes 111a and 
111b for Subsequent etch back process, whereby tungsten 
films 114a and 114b are formed only within the via holes 
111a and 111b. An aluminum-copper alloy film 115 and a 
titanium nitride film 116 are deposited by a Sputtering 
method before a photo-lithography technique and Subse 
quent dry etching proceSS arc carried out to Selectively 
remove the aluminum-copper alloy film 115 and the titanium 
nitride film 116 thereby to form second level interconnec 
tions which are connected through the tungsten layerS 114a 
and 144b to the first level interconnections 107b and 107d. 

0102) Second Embodiment 
0103) A second embodiment according to the present 
invention will be described in detail with reference to FIGS. 
13A through 13F which are fragmentary cross sectional 
elevation views illustrative of a novel method of forming an 
inter-layer insulator in a multilevel interconnection structure 
by use of the novel high density plasma enhanced chemical 
Vapor deposition method. 

0104. With reference to FIG. 13A, a boro-phospho 
Silicate glass film as a base insulating layer is entirely 
deposited on a surface of a silicon Substrate 401 for Subse 
quent curing by a rapid thermal annealing method thereby to 
form a base insulating film 402 on the silicon Substrate 401. 
Contact holes not illustrated are formed in the base insulat 
ing film 402. A titanium nitride film 403 having a thickness 
of about 80 nanometers is deposited by a Sputtering method 
on a surface of the base insulating film 402. Further, an 
aluminum-copper alloy film 404 having a thickness of about 
450 nanometers is then deposited by the Sputtering method 
on a Surface of the titanium nitride film 403. A titanium film 
405 having a thickness of about 25 nanometers is deposited 
by the Sputtering method on a Surface of the aluminum 
copper alloy film 404. A titanium nitride film 406 having a 
thickness of about 50 nanometers is then deposited by the 
sputtering method on a surface of the titanium film 405, 
thereby forming a laminated metal film having a thickness of 
about 605 nanometers on the base insulating film 402. The 
laminated metal film is patterned by the known method to 
form first level interconnections 407a, 407b, 407c, 407d, 
and 407e. A minimum pitch or space between the adjacent 
interconnections is 0.28 micrometers. The minimum space 
has an aspect ratio of 2.2. 
0105. With reference to FIG. 13B, the inductively 
coupled plasma enhanced chemical vapor deposition System 
of FIG. 2 is used to carry out a first high density plasma 
enhanced chemical vapor deposition to deposit a first Silicon 
dioxide film 408 having a thickness of about 70 nanometers 
on the first level interconnections 407a, 407b, 407c, 407d, 
and 407e and on the base insulating film 402. This first high 
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density plasma enhanced chemical vapor deposition is car 
ried out using Silane, Oxygen and argon gases with applica 
tion of a high frequency power of 13.56 MHz to the substrate 
401. A power of about 3500W is generated by the high 
frequency power source 308 whilst a power of about 
1500kW to be applied to the silicon Substrate 401 is gener 
ated by the high frequency power source 309. An internal 
pressure of the chamber is set at about 8 mTorr. A flow rate 
ratio of oxygen to silane is about 1.5. The pedestal 307 is 
cooled to maintain the substrate temperature at about 400 
C. The deposited first silicon dioxide film 408 has slightly 
overhang portions at Shoulder portions of the first level 
interconnections 407a, 407b, 407c, 407d, and 407e. 
0106 With reference to FIG. 13C, the inductively 
coupled plasma enhanced chemical vapor deposition System 
of FIG. 2 is again used to carry out a Second high density 
plasma enhanced chemical vapor deposition to deposit a 
second fluoro-containing silicon dioxide film 409 having a 
thickness of about 1.7 micrometers on the first silicon 
dioxide film 408 to bury the apertures between the first level 
interconnections 407a, 407b, 407c, 407d, and 407e so that 
the first level interconnections 407a, 407b, 407c, 407d, and 
407e are completely buried within the second silicon dioxide 
film 409. This second high density plasma enhanced chemi 
cal vapor deposition is carried out using SiH, SiFi, O and 
Argases with application of a low frequency power of 1.8 
MHz to the substrate 401. A power of about 3000W is 
generated by the high frequency power source 308 whilst a 
power of about 1300kW to be applied to the silicon substrate 
401 is generated by the high frequency power source 309. 
An internal pressure of the chamber is set at about 10 mTorr. 
A flow rate ratio of SiF to SiH is about 1. A flow rate ratio 
of O to a total of SiH and SiF is about 3. The pedestal 307 
is cooled to maintain the substrate temperature at about 400 
C. The deposited first silicon dioxide film 408 has slightly 
overhang portions at Shoulder portions of the first level 
interconnections 407a, 407b, 407c, 407d, and 407e. The 
second fluoro-containing silicon dioxide film 409 has a 
dielectric constant of about 3.7. 

0107. With reference to FIG. 13D, a chemical mechani 
cal polishing method is carried out to polish a Surface of the 
second fluoro-containing silicon dioxide film 409 so that a 
total thickness of the first silicon dioxide film 408 and the 
second fluoro-containing silicon dioxide film 409 over the 
first level interconnections 407a, 407b, 407c, 407d, and 
407e is about 600 manometers, thereby forming a planarized 
Surface of the second silicon dioxide film 409. A heat 
treatment is carried out at a temperature of about 400° C. in 
an nitrogen atmosphere for about 10 minutes to form a 
surface-planarized inter-layer insulator 409. Further, a par 
allel plate plasma enhanced chemical vapor deposition Sys 
tem is used to deposit a Silicon oxide film 410 comprising 
TEOS and O. having a thickness of about 200 nanometers 
on the surface-planarized inter-layer insulator 409, thereby 
forming an inter-layer insulator 411 which comprises lami 
nations of the silicon dioxide film 408, the fluoro-containing 
silicon oxide film 409 and the silicon dioxide film 410. 

0108). With reference to FIG. 13E, a photo-lithography 
technique and Subsequent dry etching proceSS are carried out 
to Selectively remove the Surface-planarized inter-layer insu 
lator 411, wherein the titanium nitride film 406 serves as an 
etching stopper, thereby to form via holes 412a and 412b in 
the Surface-planarized inter-layer insulator 411 So that the 
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via holes 412a and 412b are positioned over the first level 
interconnections 407b and 407d respectively. 
0109). With reference to FIG. 13F, a titanium nitride film 
413 is entirely deposited by the Sputtering method. A tung 
Sten film is deposited by a chemical vapor deposition 
method on the titanium nitride film 413 to completely bury 
the via holes 412a and 411b for subsequent etch back 
process, whereby tungsten films 414a and 414b are formed 
only within the via holes 412a and 412b. An aluminum 
copper alloy film 415, a titanium film 416 and a titanium 
nitride film 417 are deposited by a sputtering method before 
a photo-lithography technique and Subsequent dry etching 
proceSS are carried out to Selectively remove the aluminum 
copper alloy film 415, the titanium film 416 and the titanium 
nitride film 417 thereby to form second level interconnec 
tions which are connected through the tungsten layerS 414a 
and 414b to the first level interconnections 407b and 407d. 

0110. Third Embodiment 
0111 A third embodiment according to the present inven 
tion will be described in detail with reference to FIGS. 14A 
through 14E which are fragmentary cross sectional eleva 
tion views illustrative of a novel method of forming a 
passivation in a multilevel interconnection Structure by use 
of the novel high density plasma enhanced chemical vapor 
deposition method. 
0112. With reference to FIG. 14A, a boro-phospho 
Silicate glass film as a base insulating layer is entirely 
deposited on a surface of a silicon Substrate 601 for Subse 
quent curing by a rapid thermal annealing method thereby to 
form a base insulating film 602 on the silicon Substrate 601. 
Via holes not illustrated are formed in the base insulating 
film 602. A titanium film 603 having a thickness of about 80 
nanometers is deposited by a Sputtering method on a Surface 
of the base insulating film 602. An aluminum-copper alloy 
film 604 having a thickness of about 450 nanometers is then 
deposited by the Sputtering method on a Surface of the 
titanium film 603. A titanium nitride film 605 having a 
thickness of about 50 nanometers is then deposited by the 
Sputtering method on a Surface of the aluminum-copper 
alloy film 604, thereby forming a laminated metal film 
having a thickness of about 580 nanometers on the base 
insulating film 602. The laminated metal film is patterned by 
the known method to form a first level interconnection 606. 

0113. With reference to FIG. 14B, the inductively 
coupled plasma enhanced chemical vapor deposition System 
of FIG. 2 is used to carry out a first high density plasma 
enhanced chemical vapor deposition to deposit a first Silicon 
dioxide film 607 having a thickness of about 70 nanometers 
on the first level interconnection 606 and on the base 
insulating film 602. This first high density plasma enhanced 
chemical vapor deposition is carried out using Silane, Oxy 
gen and argon gases with application of a high frequency 
power of 13.56 MHz to the Substrate 601. A power of about 
3000W is generated by the high frequency power source 308 
whilst a power of about 1300kW to be applied to the silicon 
Substrate 601 is generated by the high frequency power 
Source 309. An internal pressure of the chamber is set at 
about 6 mTorr. A flow rate ratio of oxygen to silane is about 
1.4. The pedestal 307 is cooled to maintain the substrate 
temperature at about 350° C. The deposited first silicon 
dioxide film 608 has slightly overhang portions at shoulder 
portions of the first level interconnection 606. 
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0114 With reference to FIG. 14C, the inductively 
coupled plasma enhanced chemical vapor deposition System 
of FIG. 2 is again used to carry out a Second high density 
plasma enhanced chemical vapor deposition to deposit a 
second silicon dioxide film 608 having a thickness of about 
800 nanometers on the first silicon dioxide film 607 So that 
the first level interconnection 606 is completely buried 
within the second silicon dioxide film 608. This second high 
density plasma enhanced chemical vapor deposition is car 
ried out using Silane, Oxygen and argon gases with applica 
tion of a low frequency power of 1.8 MHz to the substrate 
601. A power of about 3000W is generated by the high 
frequency power source 308 whilst a power of about 
1300kW to be applied to the silicon Substrate 601 is gener 
ated by the high frequency power source 309. An internal 
pressure of the chamber is set at about 6 mTorr. A flow rate 
ratio of oxygen to Silane is about 1.4. 
0115 With reference to FIG. 14D, a heat treatment is 
carried out at a temperature of about 400 C. in a hydrogen 
containing nitrogen atmosphere for 20 minutes to make the 
Second silicon dioxide film 608 into a silicon dioxide film 
309. A parallel plate plasma enhanced chemical vapor depo 
Sition System is used with Source gases of Silane with 
20%-diluted with nitrogen, ammonium and oxide dinitride 
(ON) to deposit a silicon oxide dinitride film 610 having a 
thickness of about 300 nanometers on the silicon dioxide 
film 609. A photo-sensitive polyimide film 611 is entirely 
coated on the silicon oxide dinitride film 610. A photo 
lithography is carried out to form an opening 612 in the 
photo-sensitive polyimide film 611. 
0116. With reference to FIG. 14E, the polyimide film 611 
is used as a mask for carrying out a dry etching process to 
Selectively remove the laminations of the Silicon oxide 
dinitride film 610, the silicon dioxide film 609 and the 
titanium nitride film 605 to form an opening 613 over the 
interconnection 606. The CVD Silicon dioxide film 609 
Serves as a passivation film. 
0117. In the foregoing embodiments, the second high 
density plasma enhanced chemical vapor deposition was 
carried out by applying the low frequency power of 1.8 MHz 
to the Substrate. It is, of course, possible to apply the lower 
frequency power of, for example, 400 kHz to the substrate 
for further improvement in step coverage of the CVD silicon 
dioxide film. In this case, the first silicon dioxide film having 
a thickness of not leSS than about 500 nanometers is depos 
ited by the first high density plasma enhanced chemical 
Vapor deposition method with applying the high frequency 
power of 13.56 MHz to the substrate. 
0118. In the foregoing embodiments, the first and second 
high density plasma enhanced chemical vapor depositions 
were carried out in the same chamber. It is, of course, 
possible to carry out the first and Second high density plasma 
enhanced chemical vapor depositions in Separate or different 
chambers. 

0119 Further, it is, of course, preferable that if the pitch 
of the interconnections is relatively large whilst the aspect 
ratio of the apertures between the interconnections is rela 
tively Small, then the Second high density plasma enhanced 
chemical vapor deposition is carried out at a possible high 
frequency power application, for example, 13.56 Mhz, which 
is the Same as in the first high density plasma enhanced 
chemical vapor deposition. 
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0120 Whereas modifications of the present invention 
will be apparent to a perSon having ordinary skill in the art, 
to which the invention pertains, it is to be understood that 
embodiments as shown and described by way of illustrations 
are by no means intended to be considered in a limiting 
Sense. Accordingly, it is to be intended to cover by claims all 
modifications which fall within the spirit and scope of the 
present invention. 
What is claimed is: 

1. A high density plasma enhanced chemical vapor depo 
Sition method for depositing a Silicon dioxide film on a 
Silicon region, wherein Said plasma enhanced chemical 
Vapor deposition method includes at least both a first depo 
Sition period during which a first power having a first 
frequency is applied to Said Silicon region and a Second 
deposition period during which a Second power having a 
Second frequency which is lower than Said first frequency is 
applied to Said Silicon region. 

2. The high density plasma enhanced chemical vapor 
deposition method as claimed in claim 1, wherein Said first 
deposition period corresponds to an initial deposition period 
of Said high density plasma enhanced chemical vapor depo 
Sition method. 

3. The high density plasma enhanced chemical vapor 
deposition method as claimed in claim 2, wherein Said first 
frequency is 13.56 MHz. 

4. The high density plasma enhanced chemical vapor 
deposition method as claimed in claim 3, wherein Said 
second frequency is not higher than 1.8 MHz. 

5. The high density plasma enhanced chemical vapor 
deposition method as claimed in claim 4, wherein Said 
Silicon region comprises a Surface of a Silicon Substrate and 
a plurality of interconnections are provided on Said Surface 
of Said Silicon Substrate at a pitch in the range of 0.2 
micrometers to 0.5 micrometers to define apertures having a 
maximum aspect ratio in the range of 1.0 to 3.0 between 
adjacent two of Said interconnections. 

6. A method of forming an Si/SiO interface, wherein a 
high density plasma enhanced chemical vapor deposition is 
carried out to deposit an SiO2 film on an Si region by 
applying Said Si region with a power having a frequency 
which is maintained in the range of not less than 1.8 MHz 
So as to SuppreSS formation of any interface State on Said 
Si/SiO, interface. 

7. The method as claimed in claim 6, wherein said high 
density plasma enhanced chemical vapor deposition is car 
ried out by use of a Source gas which includes hydrogen. 

8. The method as claimed in claim 6, wherein said 
frequency is fixed during Said formation of Said Si/SiO2 
interface. 

9. The method as claimed in claim 8, wherein said 
frequency is 13.56 MHz. 
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10. The method as claimed in claim 6, wherein said 
frequency is varied during Said formation of Said Si/SiO2 
interface. 

11. A high density plasma enhanced chemical vapor 
deposition method for depositing a Silicon dioxide film on a 
Silicon region, wherein Said plasma enhanced chemical 
Vapor deposition method is carried out by applying Said 
Silicon region with a power having a frequency which is 
maintained in a first high frequency range of not less than 1.8 
MHZ during at least an initial period of Said deposition. 

12. The high density plasma enhanced chemical vapor 
deposition method as claimed in claim 11, wherein Said 
frequency of Said power is maintained in Said first high 
frequency range until an end of Said deposition. 

13. The high density plasma enhanced chemical vapor 
deposition method as claimed in claim 12, wherein Said 
frequency of said power is fixed at 13.56 MHz. 

14. The high density plasma enhanced chemical vapor 
deposition method as claimed in claim 11, wherein Said 
frequency of Said power is continuously decreased from Said 
first frequency range after Said initial period of Said depo 
Sition. 

15. The high density plasma enhanced chemical vapor 
deposition method as claimed in claim 14, wherein Said 
frequency of Said power is simply decreased. 

16. The high density plasma enhanced chemical vapor 
deposition method as claimed in claim 14, wherein Said 
frequency of Said power is once continuously decreased 
before Said frequency of Said power is increased. 

17. The high density plasma enhanced chemical vapor 
deposition method as claimed in claim 11, wherein Said 
frequency of Said power is discontinuously decreased from 
Said first frequency range after Said initial period of Said 
deposition. 

18. The high density plasma enhanced chemical vapor 
deposition method as claimed in claim 17, wherein Said 
frequency of Said power is once discontinuously decreased 
before Said frequency of Said power is increased. 

19. The high density plasma enhanced chemical vapor 
deposition method as claimed in claim 18, wherein Said high 
density plasma enhanced chemical vapor deposition is car 
ried out by use of a Source gas which includes hydrogen. 

20. The high density plasma enhanced chemical vapor 
deposition method as claimed in claim 16, wherein Said 
Silicon region comprises a Surface of a Silicon Substrate on 
which a plurality of interconnections are provided at a pitch 
in the range of 0.2 micrometers to 0.5 micrometers to define 
apertures having a maximum aspect ratio in the range of 1.0 
to 3.0 between adjacent two of Said interconnections. 


