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PROCESS FOR PRODUCING A SEMICONDUCTOR 
DEVICE 

BACKGROUND OF THE INVENTION 

[0001] 1. Field of the Invention 

[0002] This invention relates to a plasma processing appa 
ratus and a processing method making use of the same. More 
particularly, it relates to a plasma processing apparatus by 
Which negative ions can be generated in a large quantity and 
also the negative ions can be made incident on an article to 
be processed to etch or clean the article to remove unWanted 
matter therefrom, and a processing method making use of 
the same. This plasma processing apparatus is preferably 
used in processes for producing semiconductor devices such 
as LSIs, optical devices such as optical disks and 
Waveguides, and magnetic devices such as magnetic disks. 

[0003] 2. Related Background Art 

[0004] In general, it is said to be important to loWer a 
plasma temperature in order to form negative ions in a 
plasma processing apparatus. The relationship betWeen the 
plasma temperature and the negative ion formation can be 
knoWn from the probability of attachment of electrons to 
particles With respect to electronic energy, Which is 
described in, e.g., Basic Data of Plasma Physics (Sanborn C. 
BroWn, AIP press, 1993). It is seen from this publication that 
the cross section in Which the attachment of electrons to, 
e.g., chlorine-type gas molecules and dissociation thereof 
has a peak at about 1 eV. MeanWhile, plasma used in usual 
semiconductor production processes has an electron tem 
perature of 2 to 5 eV. Accordingly, in order to efficiently 
form negative ions, it is considered necessary to loWer the 
electron temperature to a suitable temperature. 

[0005] For eXample, the folloWing tWo can be given as 
typical eXamples of plasma processing apparatuses that 
utiliZe negative ions. 

[0006] (1) Method making use of time aftergloW of plasma 

[0007] An apparatus disclosed in Japanese Patent Laid 
open Application No. 8-181125 can be given as one eXample 
of an apparatus utiliZing this method. In FIG. 5A, reference 
numeral 501 denotes a microWave poWer source; 502, a 
magnetic-?led coil; 503, a Waveguide; 510, an article to be 
processed; 512, a stand for supporting the article to be 
processed (hereinafter referred to as “article supporting 
stand”); 514, a plasma; 531, a vacuum vessel; and 532, a 
high-frequency poWer source. In this method, the plasma 
514, Which is formed by pulse-modulating microWaves 
generated from the microWave poWer source 501 at a cycle 
of 10 to 100 microseconds, is made ON/OFF, and, in the 
period of plasma-OFF, the plasma temperature is loWered to 
form negative ions. Also, a high-frequency bias is applied 
from the high-frequency poWer source 532 to the supporting 
stand 512 of the article 510 in synchroniZation With the pulse 
modulation of the plasma 514 to alternately draW out 
positive/negative ions into the article 510 to be processed as 
shoWn in FIG. 5B, thus the article 510 is processed. 

[0008] (2) Method making use of space aftergloW to 
spatially guide plasma doWnstream 

[0009] Not shoWn in the draWing, this method is a method 
Which comprises placing the article to be processed doWn 
stream by tens of centimeters from the region of plasma 
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formation and utiliZing negative ions formed While being 
diffused doWnstream and cooled gradually. 

[0010] The above tWo methods, hoWever, have had the 
folloWing problems. 

[0011] i) In the method making use of pulse-modi?ed 
plasma, positive ions are formed in the remaining 
half period Where plasma is an ON state, and hence 
a high efficiency is promised for an etching apparatus 
of positive/negative-ion alternating irradiation. 
HoWever, in the case of etching carried out by 
predominantly using negative ions, it is difficult to 
attain a high efficiency because the negative ions are 
formed only in the half of the processing time. 

[0012] ii) In the method Where plasma is guided 
spatially doWnstream to loWer a plasma temperature 
to form negative ions, the recombination of plasma 
at vacuum vessel Walls causes an abrupt decrease in 
plasma density itself, and hence the plasma formed 
in a high density can not efficiently be converted into 
negative ions. 

[0013] Thus, in these conventional methods, there has 
been room for improvement in respect of large-quantity 
formation of negative ions and effective processing. 

SUMMARY OF THE INVENTION 

[0014] An object of the present invention is to provide a 
plasma processing apparatus by Which negative ions can be 
continuously formed in a high density and also the negative 
ions can be made incident on an article to be processed to 
conduct ashing, etching or cleaning of the article to remove 
unnecessary matters therefrom, so that a high processing rate 
and less charge-up damage can be achieved; and to provide 
a processing method making use of such apparatus. 

[0015] The plasma processing apparatus according to the 
present invention comprise: 

[0016] 
[0017] supporting means for supporting an article to 

be processed in the vacuum vessel; 

[0018] means for introducing a ?rst gas into a plasma 
generating space; 

a vacuum vessel; 

[0019] means for feeding electric energy to the ?rst 
gas in the plasma generating space to generate a 
plasma; 

[0020] means for miXing a second gas into the plasma 
Which has been introduced into a negative ion form 
ing space communicating With the plasma generating 
space, thereby forming negative ions; and 

[0021] means for draWing out the negative ions and 
feeding the negative ions to the article. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0022] FIG. 1 is a schematic cross-sectional vieW shoWing 
one eXample of the plasma processing apparatus according 
to the present invention. 

[0023] FIGS. 2A and 2B are schematic vieWs explaining 
the manner of electric charging of semiconductor substrates. 
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[0024] FIG. 3 is a schematic cross-sectional vieW showing 
another example of the plasma processing apparatus accord 
ing to the present invention. 

[0025] FIG. 4 is a schematic cross-sectional vieW showing 
one example of an article to be processed. 

[0026] FIG. 5A is a schematic cross-sectional vieW shoW 
ing one example of a conventional plasma processing appa 
ratus, and FIG. 5B is a graph shoWing a relationship 
betWeen RF voltage and positive/negative ions. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0027] The plasma processing apparatus according to the 
present invention is constituted and operated as described 
beloW With reference to the accompanying draWings. 

[0028] FIG. 1 is a schematic cross-sectional vieW shoWing 
one example of the plasma processing apparatus according 
to the present invention. In FIG. 1, reference numeral 101 
denotes a microWave poWer source as an electric energy feed 

source; 102, a plasma generating space; 103, a magnetic 
?eld coil provided optionally; 104, a ?rst-gas inlet; 105, a 
chamber for processing an article to be processed (herein 
after referred to as “article processing chamber”); 106, a 
second-gas inlet; 107, a ?rst preliminary grid electrode 
provided optionally; 108, a second preliminary grid elec 
trode provided optionally; 109, a grid electrode; 110, an 
article to be processed; 111, an insulating plate provided 
optionally; 112, an article supporting stand; 113, a plasma; 
and 114, a negative ion forming space. 

[0029] In the plasma processing apparatus shoWn in FIG. 
1, the article is processed With plasma in the folloWing 
procedure. 
[0030] First, a gas containing a halogen element such as 
?uorine, chlorine, bromine or iodine and/or a gas containing 
oxygen are fed into the plasma generating space 102 through 
the ?rst-gas inlet 104 serving as a ?rst-gas introducing 
means, and also an electric current is optionally ?oWed to 
the magnetic-?eld coil 103 to apply a magnetic ?eld to the 
plasma generating space 102. Simultaneously, microWaves 
as electric energy are fed from the microWave poWer source 
101 to form plasma of the ?rst gas in the plasma generating 
space 102. Then, the plasma thus formed is diffused into the 
negative ion forming space 114 of the article processing 
chamber 105, the space 114 be positioned doWnstream as 
vieWed from the plasma generating space 102. The plasma 
used here may be generated by any processes of a parallel 
plate type, an ICP (inductive coupling plasma) type, a 
magnetron type, an ECR (electron cyclotron resonance) 
type, a helicone Wave type, a surface Wave type, a surface 
Wave interference type making use of a planer multiple-slot 
antenna, and an RLSA (radial line slot antenna) type. Taking 
account of the fact that the plasma density decreases When 
the plasma formed is diffused into the negative ion forming 
space 114 of the article processing chamber 105, positioned 
doWnstream as vieWed from the plasma generating space 
102, preferred is a process in Which the plasma density is as 
high as possible. 

[0031] Next, as the second gas, at least one gas selected 
from halogen such as ?uorine, chlorine, bromine and iodine 
gases and inert gases such as helium, neon, argon and xenon 
gases is fed into the processing chamber 105. The second gas 
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fed here may contain any of molecules, neutral active atoms, 
ions and electrons so long as it is a gas having a temperature 
loWer than that of the ?rst gas diffused from the plasma 
generating space 102 into the negative ion forming space 
114 in the processing chamber 105. 

[0032] The negative ions are generated through a process 
as described beloW. 

[0033] The plasma 113 mainly composed of positive ions 
and electrons is formed in the plasma generating space 102. 
Then, this plasma 113 is led into the negative ion forming 
space 114 of the processing chamber 105 and is mixed With 
a gas having a temperature loWer than the temperature of the 
plasma 113 to abruptly loWer the plasma temperature to, 
e.g., about 1 eV. As the result, the probability of attachment 
of plasma-constituting electrons to neutral atoms increases, 
and hence the formation of negative ions that is attributable 
to the combination of neutral atoms With electrons (electron 
attachment) or the attachment of electrons to neutral mol 
ecules and dissociation thereof (dissociative attachment) 
takes place in the negative ion forming space 114. As the gas 
having a temperature loWer than the temperature of the 
plasma, negative gases having a high electronegativity are 
preferred, and for example, halogen gases such as ?uorine, 
chlorine, bromine and iodine are preferred. In the plasma of 
such a halogen gas, the combination of neutral atoms or 
molecules With electrons takes place With ease and the 
negative ions are formed in a large quantity With ease. 
Hence, a plasma Which contains negative ions in a large 
quantity comes to be present in the negative ion forming 
space 114. 

[0034] In order to predominantly draW out only the nega 
tive ions from the thus-formed plasma containing negative 
ions in a large quantity, the grid electrode 109 is provided in 
the vacuum vessel, in one case. Then, the ?rst preliminary 
grid electrode 107 and the second preliminary grid electrode 
108 are optionally provided. Also, Without providing these 
grid electrodes, a positive voltage may be applied to the 
article supporting stand 112, or only the grid electrode 109 
may be provided and a positive voltage may be applied 
thereto. Positive voltages V1 and V2 are further applied to the 
?rst and second preliminary grid electrodes, respectively, 
and the voltages are set so as to be V2>V1>VP>0. Here, the 
VP is a plasma potential, Which usually shoWs the value of 
feW volts. Since the grid electrodes are disposed in this Way, 
the negative ions are accelerated by an energy expressed as 
V2—VP (eV), and are draWn out in the direction vertical to 
the tWo grids and also in the direction of the article 110. The 
energy of negative ions can arbitrarily be controlled by 
adjusting the values of V1 and V2. 
[0035] In the doWnstream direction of the negative ions 
thus draWn out by negative-ion draWing-out electrodes, the 
article supporting stand 112 is disposed on Which the article 
110 to be processed has been placed. 

[0036] In the case shoWn in FIG. 1, the grid electrode 109 
provided just in front of the supporting stand 112 has also the 
function to capture secondary electrons. Positive voltages V5 
and V3 are applied to the supporting stand 112 and grid 
electrode 109, respectively, and the values of voltage are set 
so as to be V3>VS>0. Here, the voltage of VS may be any of 
a constant DC voltage and a pulseWise DC voltage so long 
as it is positive voltage. 

[0037] Thus, the negative ions draWn out from the plasma 
have the energy of VS—VP (eV) and is made incident on the 
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article 110 to be processed. Secondary electrons released 
from the surface of the article 110 are also accelerated by a 
potential of V3—VS, and are captured by the secondary 
electron capturing grid, so that any eXcess negative electric 
charges can be prevented from accumulating on the surface 
of the article 110 to be processed. Hence, in the apparatus 
according to the present invention, the incident energy of 
negative ions to be made incident on the article and the 
quantity of secondary electrons released from the substrate 
surface can arbitrarily be controlled by controlling the 
potentials of V3 and VS. Also, if the article 110 to be 
processed is directly placed on the supporting stand 112, the 
negative electric charges having accumulated on the surface 
of the article 110 may ?oW into the supporting stand 112 
through a gate oXide ?lm (not shoWn) formed on the article 
110, consequently bringing about a break of the gate oXide 
?lm. In order to more improve this preventive effect, the 
insulating plate 111 is provided betWeen the article support 
ing stand 112 and the article 110 to be processed. As 
materials for the insulating plate 111, alumina and aluminum 
nitride are considered as examples, but materials having 
insulating properties and a high plasma resistance are all 
usable. 

[0038] Negative-ion plasma processing of articles to be 
processed by the use of the apparatus according to the 
present invention brings about the folloWing advantages. 

[0039] i) Even When the negative ions are incident on 
an article to be processed (e.g., a semiconductor 
substrate having coatings of various types optionally 
formed thereon), the secondary electrons are 
released so long as the incident energy is 10 eV or 
more, and hence the article can be prevented from 
being negatively charged. Also, even When the inci 
dent energy is several ten eV or more and the number 
of release of secondary electrons With respect to one 
incident negative ion is tWo or more, there occurs the 
action that the electrons are draWn back to the article 
positively charged, and hence it can be eXpected to 
obtain the effect that the charging voltage saturates at 
feW volts to become stable. 

[0040] ii) There is another advantage that the surface 
temperature of the article to be processed on Which 
the negative ions have been made incident is loWer 
than that of the case When positive ions are incident 
thereon. This is due to the fact that the reaction of 
returning positive ions to neutral atoms is an eXo 
thermic reaction of 17 eV and on the other hand the 
reaction of returning negative ions to neutral atoms 
is an endothermic reaction of 3 eV. As the result, 
even When the negative ions are incident on the 
article to be processed, the article has, in the vicinity 
of ion incident points, a local surface temperature 
that is loWer than When positive ions are incident. 
Hence, any thermal damage (e.g., crystal disorder, or 
change in properties of resist masks) to the article 
can be kept small. 

[0041] As described above, the plasma processing appa 
ratus according to the present invention using negative ions 
can realiZe good plasma processing Which may cause no 
surface charging of the article to be processed, may cause 
neither electrostatic breakdoWn of gate oXide ?lms nor 
etching malformation due to a bend of the course of ions, 
and also may cause less thermal damage to the article. 
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[0042] The gas for forming plasma used in the present 
invention, i.e., the ?rst gas serving as the source of negative 
ions includes gases containing a halogen element and gases 
containing oXygen. 

[0043] Stated speci?cally, it includes gases composed of 
halogen elements alone, such as F2, C12, I2 and Br2, halogen 
compound gases such as CF4, C2136, C3138, CCIZFZ, CBrF3, 
CCl4, C2Cl2F4, BCl3 and NF3, and oxygen-containing gases 
such as 02 and O3. 

[0044] As the second gas, the same ones as the ?rst gas or 
inert gases may be used so long as the temperature of the 
second gas is loWer than that of the plasma of the ?rst gas, 
though the electron temperature and ion temperature of the 
second gas formed into plasma have become higher. Pre 
ferred are those Which can rapidly cool the ?rst gas plasma 
to about 1 eV. 

[0045] Voltages applied to the supporting stand and the 
grid electrode used in the present invention are voltages 
suf?cient for predominantly feeding the negative ions to the 
article to be processed. Stated speci?cally, the voltage 
applied to the supporting stand may preferably be from +50 
V to +200 V, and more preferably be from +80 V to +200 V. 

[0046] The voltage applied to the grid electrode may 
preferably be from +20 V to +200 V, and more preferably be 
from +80 V to +200 V. 

[0047] In the case the grid electrode is provided in plu 
rality as shoWn in FIG. 1 or in the case a voltage for feeding 
negative ions is applied to both the supporting stand and the 
grid electrode, it is desirable to keep the correlation as stated 
above. 

[0048] The processing carried out in the present invention 
is a processing for removing unnecessary matters, such as 
etching, ashing or cleaning. 

[0049] Stated speci?cally, it includes the etching of silicon 
and silicon compounds such silicon oXide and silicon 
nitride, the etching of metals (inclusive of alloys) and 
silicides, the ashing of photoresists, the ashing or cleaning of 
modi?ed cured ?lms of photoresists, the cleaning of foreign 
matters on surfaces formed of semiconductors, insulating 
materials, silicides or metals, and the removing of native 
oXide ?lms. 

[0050] FIGS. 2A and 2B are schematic vieWs shoWing the 
cross-sectional structure of a substrate in the step of over 
etching in a dry-etching process for forming a gate electrode. 
In FIGS. 2A and 2B, reference numeral 421 denotes a 
substrate; 423, an insulating ?lm; 424, an electrode; 431, a 
photoresist mask; 432, positive ions; 433, negative ions; 
434, electrons; 435, a notching; and 436, secondary elec 
trons. Here, the over-etching step refers to etching Which is 
carried out for an eXcess time because of a problem of Wafer 
in-plane uniformity, in order to remove any slight gate 
electrode ?lms remaining partially, after the etching for 
forming the electrode 424 has almost been completed. 

[0051] FIG. 2A is a schematic cross-sectional vieW shoW 
ing an instance of dry etching carried out using positive ions. 
The positive ions 432 and the electrons 434 are alternately 
incident on the surface of a semiconductor substrate 421 in 
the course of one cycle of an AC electric ?eld, Whereby the 
charge quantity on the surface of the substrate 421 is kept 
constant. HoWever, the electrons 434 have a smaller mass 
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than the positive ions 432 and their course may easily be 
bent. Hence, as shown in FIG. 2A, the positive ions 432 
reach the bottoms of holes having a large Width/height ratio 
(aspect ratio), i.e., deep holes, in a larger quantity than the 
electrons 434, thereby making the hole bottoms positively 
charged. As the result, in the outermost Wiring of the Wirings 
closely provided together as shoWn in FIG. 2A, a potential 
difference may occur betWeen the outermost Wiring portion 
and a region Where no Wiring is formed, and the course of 
ions is bent at its electric ?eld, so that an etching malfor 
mation called the notching 435 occurs. 

[0052] MeanWhile, FIG. 2B shoWs an instance Where 
negative ions are used in the above process. As shoWn in 
FIG. 2B, the negative ions 433 have a large mass such that 
they are uniformly incident on the surface of the substrate 
421 Without their dependence on the aspect ratio, and the 
surface of the substrate 421 is slightly negatively charged. 
The secondary electrons 436 generated upon the incidence 
of negative ions are captured on a secondary electron 
capturing grid (not shoWn) Without again attaching to the 
surface of the substrate 421 having negatively been charged, 
and hence the surface of the substrate 421 is by no means 
greatly positively or negatively charged. Thus, under such a 
condition that the surface of the substrate 421 is uniformly 
negatively charged as a result of the processing using only 
negative ions, there is no occurrence that the course of ions 
is bent by the occurrence of any local electric ?elds, so that 
the Working of gate electrodes free of malformation can be 
achieved. 

[0053] FIG. 3 shoWs a plasma processing apparatus 
according to another embodiment of the present invention. 
Reference numeral 301 denotes a ?rst microWave poWer 
source; 302, a plasma generating space; 303, a magnetic 
?eld coil; 304, a ?rst-gas inlet; 305, an article processing 
chamber; 306, a second-gas inlet; 307, a ?rst preliminary 
grid electrode; 308, a second preliminary grid electrode; 
309, a grid electrode; 310, an article to be processed; 311, an 
insulating plate; 312, an article supporting stand; 313, a 
?rst-gas plasma; 314, a negative ion forming space; 321, a 
second microWave poWer source; 322, a discharge tube; 323, 
a transport tube, 324, a second Waveguide; and 325, a 
second-gas plasma. 

[0054] The apparatus shoWn in FIG. 3 is different from the 
apparatus shoWn in FIG. 1 in that there is additionally 
provided, at its part of the second-gas inlet, With the dis 
charge tube 322 for forming a plasma, the second micro 
Wave poWer source 321 and second Waveguide 324 through 
Which microWaves are to be fed, and the transport tube 323 
through Which the ions in the generated plasma are caused 
to recombine and only neutral active particles are trans 
ported to the article processing chamber 305. 

[0055] The transport tube 323 may have a length and a 
diameter Which are in a siZe sufficient for the high-energy 
ions and electrons in plasma to disappear. 

[0056] The present invention Will be described beloW in 
more detail by giving Examples. The present invention is by 
no means limited to these. 

EXAMPLE 1 

[0057] In the present Example, the apparatus shoWn in 
FIG. 1 Was used, and variations in etching rate When the 
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second gas introduced into the article processing chamber 
105 is in ON state (feed state) and in OFF state (feed 
stopping state) Were measured. In this case, an ECR type 
plasma source Was used as the plasma forming means, and 
a Wafer having a silicon oxide ?lm on Which a non-doped 
polycrystalline silicon ?lm Was deposited Was used as the 
article 110 to be processed. 

[0058] First, the article 110 to be processed Was placed on 
the supporting stand 112 of the apparatus shoWn in FIG. 1. 
Thereafter, the plasma generating space 102 and the inside 
of the processing chamber 105 Were evacuated via an 
exhaust means until they came to have a degree of vacuum 
of 5x10‘6 Torr. Thereafter, 100 sccm of Cl2 gas Was fed into 
the plasma generating space 102 through the ?rst-gas inlet 
104, and a throttle valve (not shoWn) installed to the exhaust 
means Was adjusted to set the pressure to 5 mTorr. 

[0059] Next, an electric current Was ?oWed to the mag 
netic-?eld coil 103 to set the plasma generating space 102 to 
have a magnetic ?eld of 875 G, and microWaves With a 
frequency of 2.45 GHZ Were fed from the microWave poWer 
source 101 at an electric poWer of 1 kW to cause the plasma 
113 to take place in the plasma generating space 102. The 
plasma 113 thus generated Was diffused along a diffusion 
magnetic ?eld of the magnetic-?eld coil 103 to the side of 
the article processing chamber 105 communicated With the 
plasma generating space 102. At this stage, 100 sccm of Cl2 
gas Was fed into the article processing chamber 105 through 
the second-gas inlet 104 connected thereto, to cool the 
diffused plasma to form negative ions in the negative ion 
forming space 114. 

[0060] To draW out the negative ions formed in the nega 
tive ion forming space 114, DC voltages of +50 V and +75 
V Were applied to the ?rst preliminary grid electrode 107 
and the second preliminary grid electrode 108, respectively. 
DC voltages of +100 V and +105 V Were further applied to 
the article supporting stand 112 and the grid electrode 109, 
respectively. Since the plasma potential in the negative ion 
forming space 114 is estimated to be about 2 to 6 V, it 
folloWs that the negative ions are made incident on the 
article 110 at an energy of about 100 eV When the above 
voltages are applied to the respective grids. 

[0061] To con?rm the effect in the present Example, the 
etching rates of the polycrystalline silicon ?lm provided on 
the surface of the article 110 Were compared betWeen the 
case of the second gas in ON state and the case of the second 
gas in OFF state. As the result, the etching rate in the case 
of the gas in OFF state Was 70 nm per minute, Whereas the 
etching rate in the case of the gas in ON state Was 290 nm 
per minute. Thus, it Was con?rmed that the etching rate in 
the case of the gas in ON state Was 4 times or higher in the 
case of the gas OFF state. From this fact, it is considered that 
the negative ions Were formed in a large quantity and they 
acted on the article to be processed. Thus, the apparatus of 
the present Example Was found to be a apparatus Which can 
be Well satisfactory also from the vieWpoint of mass pro 
ductivity. 

EXAMPLE 2 

[0062] In the present Example, the apparatus shoWn in 
FIG. 1 Was used in a cleaning process carried out before a 
?lm for upper-layer metal Wiring is formed, in a via hole 
forming process for connecting different Wiring layers of 
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multi-layer Wiring in semiconductor fabrication processes, 
and Whether or not any charge-up damage occurred Was 
examined. 

[0063] Native oxide ?lms or crystal defects brought in by 
ion bombardment at the time of etching remain at the 
bottoms of via holes formed above the silicon substrate 
surface. Hence, if second-layer metal Wiring is formed in the 
state the via holes are left as they are, the native oxide ?lms 
or crystal defects cause increase of the resistance of the via 
holes to bring about circuit retardation or Wiring faulty 
conduction. Accordingly, these residual matter must be 
removed by cleaning or the like. At present, methods making 
use of plasma are Widely and commonly used. The problem 
of these methods is the phenomenon of charge-up caused by 
plasma. When this cleaning is carried out by a conventional 
positive ion processing, the positive electric charges intro 
duced by plasma How to the gate electrode through the 
?rst-layer metal Wiring, and ?nally a voltage is applied to the 
gate oxide ?lm present betWeen the silicon substrate and the 
gate electrode. As the result, once this voltage reaches a 
breakdoWn voltage, the gate oxide ?lm results in electro 
static breakdown. Also, a very Weak tunnel electric current 
may ?oW through the gate oxide ?lm even at a voltage beloW 
breakdoWn voltage to cause a great deterioration of its 
lifetime. There have been such draWbacks. 

[0064] In the present Example, a semiconductor substrate 
having a cross-sectional structure as shoWn in FIG. 4 Was 
cleaned by using the apparatus shoWn in FIG. 1. 

[0065] In FIG. 4, reference numeral 221 denotes a silicon 
substrate; 222, an element separating insulating ?lm; 223, a 
gate oxide ?lm; 224, a gate electrode; 225, a ?rst interlayer 
oxide ?lm; 226, a ?rst-layer metal Wiring; 227, a barrier 
metal of the ?rst-layer metal Wiring; 228, an anti-re?ection 
layer of the ?rst-layer metal Wiring; 229, a second interlayer 
oxide ?lm; 230, a via hole formed by dry etching; 231, a thin 
oxide layer on the anti-re?ection layer surface; and 241, a 
second-layer metal Wiring. 

[0066] The semiconductor substrate 221 having the above 
structure Was placed on the supporting stand 112 of the 
apparatus shoWn in FIG. 1. Thereafter, the plasma generat 
ing space 102 and the inside of the processing chamber 105 
Were evacuated via an exhaust means until they came to 

have a degree of vacuum of 5x10“6 Torr. Thereafter, 150 
sccm of SF6 gas Was fed into the plasma generating space 
102, and a throttle valve installed to the exhaust means Was 
adjusted to set the pressure to 10 mTorr. 

[0067] Next, an electric current Was ?oWed to the mag 
netic-?eld coil 103 to form a magnetic ?eld of 875 G in the 
plasma generating space 102, and microWaves With a fre 
quency of 2.45 GHZ Were fed from the microWave poWer 
source 101 at an electric poWer of 1 kW to generate the 
plasma 113 in the plasma generating space 102. The plasma 
113 thus generated Was diffused along a diffusion magnetic 
?eld to the side of the article processing chamber 105 
communicated With the plasma generating space 102. At this 
stage, 150 sccm of SF6 gas Was fed into the article process 
ing chamber 105 through the second-gas inlet 106 connected 
thereto, to cool the diffused plasma to form negative ions in 
the negative ion forming space 114. 

[0068] In order to draW out the negative ions formed in the 
negative ion forming space 114, DC voltages of +50 V and 
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+75 V Were applied to the ?rst preliminary grid electrode 
107 and the second preliminary grid electrode 108, respec 
tively. DC voltages of +100 V and +105 V Were further 
applied to the semiconductor substrate supporting stand 112 
and the grid electrode 109, respectively. Since the plasma 
potential in the negative ion forming space 114 is estimated 
to be about 2 to 6 V, it folloWs that the negative ions are 
made incident on the semiconductor substrate 110 at an 
energy of about 100 eV When the above voltages are applied 
to the respective grids. 

[0069] By using ?uorine negative ions generated by the 
above process, the article 110 to be processed Was subjected 
to cleaning for 30 seconds, and thereafter the article Was 
moved to a metal Wiring ?lm forming chamber (not shoWn) 
While keeping the article 110 in vacuum. The deposition for 
the second-layer metal Wiring 241 Was conducted on the 
article and further the steps of patterning and dry etching 
Were conducted by using a photoresist, to form the second 
layer metal Wiring 241. Characteristics of the semiconductor 
device thus completed Were evaluated in the folloWing Way. 

[0070] Characteristics of the semiconductor device Were 
evaluated by using 100 transistors for evaluation Which Were 
fabricated on 8-inch silicon Wafer and by measuring the 
quantity of electric charges brought in until the gate oxide 
?lm of each transistor resulted in breakdoWn, Qbd. As the 
result, the folloWing Was con?rmed. In the conventional 
cleaning process making use of positive ions, devices shoW 
ing a failure that the Qbd Was beloW 10 coulombs Were tWo 
samples in the 100 samples. On the other hand, in the case 
of the present invention making use of negative ions, there 
Was no device at all Which caused the deterioration of gate 
oxide ?lm performance. 

EXAMPLE 3 

[0071] In the present Example, an instance is described 
Where the apparatus shoWn in FIG. 3 Was used and the 
second gas for cooling the plasma Was fed in the form of 
neutral active particles. 

[0072] By using the above apparatus, the etching rate of 
the polycrystalline silicon ?lm Was measured in the same 
manner as in Example 1. In this case, the Wafer having a 
silicon oxide ?lm on Which a non-doped polycrystalline 
silicon ?lm Was deposited Was used as the article 310 to be 
processed. 
[0073] First, the article 310 to be processed Was placed on 
the supporting stand 312 of the apparatus shoWn in FIG. 3. 
Thereafter, the plasma generating space 302 and the inside 
of the processing chamber 305 Were evacuated via an 
exhaust means until they came to have a degree of vacuum 
of 5x10“6 Torr. Thereafter, 100 sccm of Cl2 gas Was fed into 
the plasma generating space 302 through the ?rst-gas inlet 
304, and a throttle valve (not shoWn) installed to the exhaust 
means Was adjusted to set the pressure to 5 mTorr. 

[0074] Next, an electric current Was ?oWed to the mag 
netic-?eld coil 303 to form a magnetic ?eld of 875 G in the 
plasma generating space 302, and microWaves With a fre 
quency of 2.45 GHZ Were fed from the ?rst microWave 
poWer source 301 at an electric poWer of 1 kW to generate 
the ?rst plasma 313 in the plasma generating space 302. The 
plasma 313 thus generated Was diffused along a diffusion 
magnetic ?eld to the side of the processing chamber 305 
communicated With the plasma generating space 302. 
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[0075] Meanwhile, 100 sccm of Cl2 gas Was fed into the 
discharge tube 322 through the second-gas inlet 306, and 
microwaves of 250 W Were further fed from the second 
microWave poWer source 321 to generate the second plasma 
322 in the discharge tube 322. Among constituents of the 
second plasma 322 thus generated, ions rapidly recombined 
as a result of their collision against the Wall and betWeen 
particles to become disappeared, and only neutral active 
particles With a relatively long lifetime passed through the 
transport tube 323 and reached the processing chamber 305 
to cool the ?rst plasma 313 diffused from the plasma 
generating space 302 to the processing chamber 305 side, 
Whereby negative ions Were formed in the negative ion 
forming space 314. 

[0076] In order to draW out the negative ions formed in the 
negative ion forming space 314, DC voltages of +50 V and 
+75 V Were applied to the ?rst preliminary grid electrode 
307 and the second preliminary grid electrode 308, respec 
tively. DC voltages of +100 V and +105 V Were further 
applied to the supporting stand 312 and the grid electrode 
309, respectively. Since the plasma potential in the negative 
ion forming space 314 is estimated to be about 2 to 6 V, it 
folloWs that the negative ions are made incident on the 
article 310 at an energy of about 100 eV When the above 
voltages are applied to the respective grids. 

[0077] The etching rate of the polycrystalline silicon ?lm 
of the Wafer processed in the above procedure Was measured 
to ?nd that the etching rate Was about 350 nm per minute. 
Namely, it has become apparent that a much higher etching 
rate can be achieved by using the apparatus shoWn in FIG. 
3 than the case shoWn in Example 1 Where gas molecules 
Were miXed (the etching rate Was about 290 nm per minute). 

[0078] As described above, the present invention can 
provide a plasma processing apparatus by Which negative 
ions can be formed in a large quantity and also the negative 
ions can be made incident on the article to be processed to 
etch or clean the article. In doing so, since in the present 
apparatus the negative ions can be predominantly used in a 
large quantity, plasma processing With less charge-up dam 
age can be realiZed. Also, in the present apparatus, When the 
plasma is miXed With a gas having a loWer temperature than 
the plasma, negative ions can be formed in a large quantity 
and the etching rate utiliZing negative ions can also greatly 
be improved. 

What is claimed is: 
1. A plasma processing apparatus comprising: 

a vacuum vessel; 

supporting means for supporting an article to be processed 
in the vacuum vessel; 

means for introducing a ?rst gas into a plasma generating 
space; 

means for feeding electric energy to the ?rst gas in the 
plasma generating space to generate a plasma; 
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means for miXing a second gas into the plasma Which has 
been introduced into a negative ion forming space 
communicating With the plasma generating space, 
thereby forming negative ions; and 

means for draWing out the negative ions therefrom and 
feeding the negative ions to the article. 

2. The plasma processing apparatus according to claim 1, 
Wherein the means for generating a plasma is one selected 
from a parallel electrodes type, an inductive coupling 
plasma type, a magnetron type, an electron cyclotron reso 
nance type, a helicone Wave type, a surface Wave type, a 

planer multiple-slot antenna using surface Wave interference 
type, and a radial line slot antenna type electric energy feed 
sources. 

3. The plasma processing apparatus according to claim 1, 
Wherein the ?rst gas comprises at least one element selected 
from the group consisting of chlorine, ?uorine, bromine, 
iodine and oXygen. 

4. The plasma processing apparatus according to claim 1, 
Wherein the second gas comprises at least one kind selected 
from the group consisting of a gas comprising a halogen 
element and an inert gas. 

5. The plasma processing apparatus according to claim 1, 
Wherein the second gas contains at least one kind of neutral 
active particles, electrons and ions. 

6. The plasma processing apparatus according to claim 1, 
Wherein the means for draWing out and feeding the negative 
ions to the article is at least one of a grid electrode to Which 
a positive voltage is to be applied and the article supporting 
means to Which a positive voltage is to be applied. 

7. The plasma processing apparatus according to claim 6, 
Wherein a potential VP of the plasma generated in the 
negative ion forming space and a positive voltage Vg applied 
to the grid electrode have a relationship of Vg>VP>0. 

8. The plasma processing apparatus according to claim 1, 
further comprising a means for applying a positive direct 
current voltage or a pulseWise voltage to the article. 

9. The plasma processing apparatus according to claim 8, 
further comprising a means for electrically insulating the 
article from the supporting means. 

10. The plasma processing apparatus according to claim 
1, further comprising a means for capturing secondary 
electrons emitted from the article. 

11. The plasma processing apparatus according to claim 
10, Wherein a positive voltage V5 to be applied to the 
supporting means and a positive voltage Vg to be applied to 
the grid electrode have a relationship of Vg>VS>0. 

12. A plasma processing method Which comprises sub 
jecting an article to be processed to a plasma processing 
using the plasma processing apparatus according to claim 1. 

13. The plasma processing method according to claim 12, 
Wherein the plasma processing is etching, ashing or clean 
mg. 


