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(57) ABSTRACT 
There is provided an inductively coupled plasma processing 
apparatus for generating uniform and stable plasma at a high 
density. The plasma processing apparatus for semiconduc 
tors for processing an object to be processed utilizing plasma 
comprises an evacuated reaction chamber for processing the 
object to be processed therein, an antenna formed by a 
plurality of linear conductors provided in the reaction cham 
ber and an RF poWer supply connected to one end of the 
plurality of linear conductors. The antenna is formed by at 
least three linear conductors disposed such that they radially 
extend from the center of the antenna at equal intervals from 
each other, and each of the linear conductors is connected to 
the ground at one end thereof and is connected to the RF 
poWer supply at the other end. An insulating process is 
provided on the surface of the linear conductors of said 
antenna. The plasma processing apparatus for semiconduc 
tors according to the invention further comprises an elec 
tromagnet for generating a magnetic ?eld in a direction 
orthogonal to an induced electrical ?eld. 
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PLASMA PROCESSING APPARATUS FOR 
SEMICONDUCTORS 

BACKGROUND OF THE INVENTION 

[0001] 1. Field of the Invention 

[0002] The present invention relates to a plasma process 
ing apparatus for manufacturing semiconductors and, more 
particularly, to an inductively coupled plasma (ICP) pro 
cessing apparatus utilizing radio frequencies. 

[0003] 2. Description of the Related Art 

[0004] Capacitively coupled plasma processing appara 
tuses utiliZing radio frequencies have been Widely used as 
apparatuses for performing a plasma process on semicon 
ductor substrates in a reaction chamber. This process is to 
generate an electrical ?eld betWeen parallel plate type elec 
trodes by applying radio frequency poWer to either or both 
of them to cause plasma discharge, and it has been applied 
to plasma CVD processes and RIE processes. 

[0005] HoWever, conventional parallel plate type plasma 
processing apparatuses have exhibited limited capability in 
generating high density plasma. Further, demands for ultra 
?ne processing of semiconductor devices in these days has 
increased so as to provide uniform plasma With higher 
density and controlling it With high accuracy. 

[0006] Thus, ECR (electron-cyclotron resonance) plasma 
and ICP (inductively coupled plasma) and the like have been 
conceived as an example exceeding improvements over the 
conventional parallel plate type capacitively coupled 
plasma. 

[0007] Generally, the ECR method is to apply a strong 
magnetic ?eld to plasma using a magnetic ?eld generating 
coil and to apply a microWave (at 2.45 GHZ in general) in 
parallel With the magnetic ?eld, thereby increasing the 
plasma density. Electrons at a cyclotron frequency are 
accelerated by absorbing Wave energy of the microWave that 
penetrates through the plasma, Which increases the fre 
quency of collision betWeen neutral particles and electrons 
to increase the plasma density. According to this method, 
hoWever, it is dif?cult to obtain uniform plasma having a 
large diameter because it involves a large and complicated 
apparatus. As an improvement over this method, there is a 
method Wherein poWer at a radio frequency in a VHF band 
(from 100 MHZ to 1 GHZ) is applied to an antenna Which is 
electrically ?oating (not grounded) to generate an electrical 
?eld in parallel With the traveling direction of electrons to 
accelerate electrons, thereby producing high density plasma. 
HoWever, this method also has a problem in that the length 
of such an antenna must be increased When a high frequency 
such as a radio frequency in a frequency band loWer than 
VHF is used, Which results in an increase in apparatus 
dimensions. 

[0008] The ICP method is to apply poWer at a radio 
frequency (in the range from 100 kHZ to 100 MHZ) to an 
antenna in the form of a coil or loop Wound around the 
periphery of a container made of an insulator to induce a 
high frequency electrical ?eld, thereby accelerating elec 
trons to produce plasma. HoWever, this method has a prob 
lem in that a very expensive bell jar made of alumina or 
quartZ having a large diameter is required to process an 
object having a large diameter, Which results in an increase 
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in the cost of the apparatus. As an improvement on this, there 
is a method Wherein an antenna in the form of a loop is 
provided in a reaction chamber. HoWever, this method also 
has a problem in that the coil or loop used is dif?cult to 
process to provide it With insulating properties because it has 
a circular con?guration. As a result of an insufficient insu 
lating process, arcing or abnormal discharge occurs betWeen 
the coil or loop and plasma generated to make the plasma 
unstable and, in addition, the density of the plasma thus 
generated is limited because high RF poWer can not be used. 

[0009] It is therefore an object of the present invention to 
provide an inductively coupled plasma processing apparatus 
Which generates uniform and stable plasma With high den 
sity. 

[0010] It is another object of the present invention to 
provide an inductively coupled plasma processing apparatus 
capable of controlling a spatial pro?le of plasma With high 
accuracy. 

[0011] It is still another object of the present invention to 
provide an inductively coupled plasma processing apparatus 
Which does not need additional devices and Which has a 
compact body. 

SUMMARY OF THE INVENTION 

[0012] In order to achieve the above-described object, a 
plasma processing apparatus according to the present inven 
tion comprises means as described beloW. 

[0013] A plasma processing apparatus for processing an 
object to be processed utiliZing plasma according to the 
present invention comprises: 

[0014] an evacuated reaction chamber for processing 
the object to be processed therein; 

[0015] an antenna provided in the inside of the reac 
tion chamber formed by a plurality of linear conduc 
tors; and 

[0016] an RF poWer supply connected to one end of 
the plurality of linear conductors. 

[0017] Speci?cally, the antenna is constituted by at least 
three linear conductors disposed such that they radially 
extend from the center of the antenna at equal intervals from 
each other, and each of the linear conductors is grounded at 
one end thereof and is connected to the RF poWer supply at 
the other end thereof. 

[0018] Alternatively, the antenna may be formed by at 
least three linear conductors having the same length dis 
posed at the same distance from the center of the antenna. 

[0019] While the plurality of linear conductors are pref 
erably connected to each other in parallel, they may be 
connected to each other in series. 

[0020] Further, the antenna may have a structure formed 
by tWo layers Which are in parallel With each other. 

[0021] Preferably, the surface of the plurality of linear 
conductors of the antenna is insulated. 

[0022] More preferably, the antenna may have a holloW 
tubular structure to alloW cooling Water to How there 
through. 
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[0023] Aplasma processing apparatus for semiconductors 
according to the present invention further comprises mag 
netic ?eld generating means for generating a magnetic ?eld 
in a direction orthogonal to an induced electrical ?eld. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0024] FIG. 1 is a schematic diagram of a plasma pro 
cessing apparatus according to the present invention. 

[0025] FIG. 2 is a plan vieW of an antenna according to a 
preferred embodiment of the present invention. 

[0026] FIGS. 3A, 3B, 3C, 3D, 3E, 3F, 3G and 3H illustrate 
other embodiments of an antenna according to the present 
invention. 

[0027] FIGS. 4A and 4B are graphs shoWing the stability 
of plasma achieved by the use of conventional antennas, and 
FIG. 4C shoWs the stability of plasma achieved by the use 
of an antenna according to a preferred embodiment of the 
present invention. 

[0028] FIG. 5 is a graph shoWing the relationship betWeen 
plasma density and RF poWer for an antenna according to a 
preferred embodiment of the present invention. 

[0029] FIG. 6 illustrates spatial pro?les of plasma gener 
ated by an antenna according to a preferred embodiment of 
the present invention. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

[0030] The present invention Will noW be described in 
detail With reference to the draWings. 

[0031] FIG. 1 is a schematic diagram of a plasma pro 
cessing apparatus according to the present invention. The 
plasma processing apparatus comprises a reaction chamber 
10, a susceptor 12, an RF poWer supply 9 connected to the 
susceptor, an antenna 6 for generating an induced electrical 
?eld for generating plasma and an RF poWer supply 8 
connected to one end of the antenna. Preferably, the reaction 
chamber 10 is a cylindrical container having an inner 
diameter of 400 mm made of aluminum and has a plurality 
of (preferably 8 or more) gas inlet 4 and outlet 13 on an outer 
Wall 3 thereof. The outlet 13 are connected to a vacuum 

evacuator (not shoWn). A semiconductor substrate to be 
processed is placed on the susceptor 12 and is biased by the 
RF poWer supply 9 connected to the susceptor. The antenna 
6 is formed by a plurality of linear conductors to be detailed 
later Which are coupled such that they radially extend from 
the center of the antenna at equal intervals from each other. 
The center of the antenna is located on the central axis of the 
reaction chamber. The antenna 6 is preferably a holloW 
tubular element made of stainless steel in Which cooling 
Water can ?oW through inlet 1 and outlet 5. Preferably, the 
surface of the antenna 6 is coated or covered With an 
insulator 7 made of aluminum oxide (A1203) having a 
thickness of 2 mm to ensure complete insulation from 
plasma. The RF poWer supply 8 is connected to an extension 
2 Which extends vertically on the center of the antenna 6. An 
end of each of the linear conductors of the antenna 6 is 
secured to the outer Wall 3 of the reaction chamber made of 
aluminum in electrical conduction thereto, and the outer 
Wall 3 is connected to ground 15. Thus, each of the con 
ductors of the antenna 6 is connected in parallel With the RF 
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poWer supply 8. While the frequency of the RF poWer supply 
is preferably 13.56 MHZ, poWer at a high frequency in the 
band from 100 kHZ to 100 MHZ may be used instead. An 
electromagnet 14 is provided at an upper part of the reaction 
chamber. Although the electromagnet 14 is preferably an 
electromagnetic coil, it maybe a permanent magnet. As 
described beloW, the electromagnet 14 provides magnetic 
lines of ?ux running doWnWard or upWard in FIG. 1. 

[0032] FIG. 2 is an enlarged vieW of the preferred 
embodiment of an antenna according to the invention shoWn 
in FIG. 1. The antenna 6 is formed by eight linear conduc 
tors 21 Which are coupled to each other at the center 20 of 
the antenna at one end thereof and are radially disposed at 
equal intervals from each other. In this case, the conductors 
21 are disposed at an angle of 45° in axial symmetry. The 
antenna 6 includes an extension 2 vertically extending from 
the center 20 thereof to be connected to the external RF 
poWer supply 8. The other end 22 of each linear conductor 
21 of the antenna 6 is electrically conductive to the outer 
Wall 3 of the reaction chamber 10 and is connected to the 
ground 15 through the outer Wall 3. Thus, the conductors 21 
are preferably connected in parallel to the RF poWer supply 
8. Preferably, the antenna 6 is insulated by coating utiliZing 
aluminum oxide only Where located inside the reaction 
chamber and is sealed With normal sealing means at con 
nection portion to the reaction chamber. The thickness of the 
coating is preferably 2 mm, but it may be thicker. The 
insulation may be provided using materials rather than 
aluminum oxide. As described above, each of the conductors 
of the antenna 6 is a holloW tubular element through Which 
cooling Water can be circulated. While the antenna 6 is 
preferably made of stainless steel, other conductive metals 
may be used. While the outer diameter of each conductor of 
the antenna 6 is preferably 10 mm, a larger or smaller 
diameter may be employed. 

[0033] FIGS. 3A, 3B, 3C, 3D, 3E, 3F, 3G and 3H shoW 
other embodiments of the antenna according to the present 
invention. FIG. 3A shoWs an embodiment of a parallel 
antenna Which is con?gured by reducing the number of 
conductors to three in the embodiment shoWn in FIG. 2. 
FIG. 3F shoWs an embodiment of a parallel antenna Which 
is con?gured by increasing the number of conductors to 
tWelve. Any other number of conductors may be selected. 
FIGS. 3B, 3G, 3C, 3H, 3D and 3E shoW embodiments of 
antennas formed by a plurality of linear conductors having 
the same length disposed at the same distance from the 
center of the antenna. FIG. 3B shoWs an embodiment of a 
series antenna in the form of an equilateral triangle. FIG. 3G 
shoWs an embodiment of a tWo-layer antenna formed by 
stacking antennas according to the embodiment shoWn in 
FIG. 3B. In this case, the antennas in those layers are 
connected in parallel With each other. FIG. 3C shoWs an 
embodiment of a square parallel antenna, and FIG. 3H 
shoWs another embodiment of a square series antenna. FIG. 
3D shoWs an embodiment of a pentagonal series antenna. 
FIG. 3E shoWs an embodiment of a hexagonal parallel 
antenna. Other polygonal antennas may be con?gured. Fur 
ther, each of such antennas may have a multi-layer con?gu 
ration. In radial type antennas, conductors may be provided 
at an inclination of a predetermined angle from the horiZon 
tal and it is not necessary that they are present on the same 
plane. Furthermore, antennas may be arbitrarily connected 
to each other in parallel or in series. The linear conductors 
shoWn in each of FIGS. 3A through 3E are insulated by 
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coating only in the region located inside the reaction cham 
ber (i.e., the region in contact With plasma). Therefore, no 
insulation is provided in the region Where the linear con 
ductors are coupled to each other as shoWn in FIGS. 3B 
through 3E. Thereby, complete insulation is achieved such 
that plasma is stabiliZed. 

[0034] A description Will noW be made on the operation of 
a plasma processing apparatus according to the invention 
having a con?guration as described above. When a high 
frequency current is applied from the RF poWer supply 8 to 
the antenna 6, a high frequency magnetic ?eld is excited in 
the reaction chamber 10 to induce a high frequency electri 
cal ?eld. A very small amount of electrons in the reaction 
chamber are accelerated by this electrical ?eld and collide 
With a molecule of a processing gas taken into the reaction 
chamber. As a result, electrons are bombarded out to ioniZe 
the gas molecules. The electrons thus generated acquire 
energy in the high frequency electrical ?eld to collide With 
the next molecule to ioniZe it. Such electronic ioniZation 
process is repeated to generate plasma in the reaction 
chamber. Since the semiconductor Wafer is biased by the 
other RF poWer supply 9, ions in the plasma are accelerated 
toWard the Wafer to perform a desired process on the Wafer. 
A ?lm formation process or etching process can be per 
formed by selecting the type of the processing gas appro 
priately. 

[0035] In the preferred embodiment of the invention, since 
the antenna has a radial con?guration, the induced electrical 
?eld is also formed such that it radially extends from the 
center of the reaction chamber. The plasma generated in the 
reaction chamber diffuses and disappears When it reaches the 
inner Wall thereof. Therefore, the plasma density in the 
vicinity of the inner Wall is loWer than that in the center of 
the reaction chamber, Which results in a density gradient 
from the center of the reaction chamber to the periphery 
thereof. Such a density gradient promotes the diffusion of 
plasma in the same direction, Which consequently results in 
a loss of the plasma as a Whole. In order to prevent such 
diffusion of plasma, an external magnetic ?eld is applied by 
the electromagnet 14 in a direction orthogonal to the high 
frequency electrical ?eld (doWnWard or upWard in FIG. 1). 
This causes the diffusion ions and electrons to move under 
the in?uence of a force in the direction along the inner Wall 
of the reaction chamber. As a result, the diffusion from the 
center of the reaction chamber to the periphery is sup 
pressed. 

[0036] A description Will noW be made on an experiment 
to evaluate the plasma processing apparatus of the present 
invention. FIGS. 4A, 4B and 4C shoW the results of an 
experiment to compare conventional loop antennas and the 
linear radial antenna according to the embodiment of the 
invention in terms of the stability of plasma generated by 
them. The experiment Was conducted by measuring ?oating 
potentials over time under a reaction chamber internal 
pressure of 5 mTorr and using high frequency poWer of 500 
W (at a frequency of 13.56 MHZ) and Ar as the processing 
gas. FIG. 4A shoWs a case of the antenna, shoWn in page 
2189, Vol.33(1994) Japan Journal of Applied Physics, in the 
form of a circular loop Which is formed by one turn of a 
stainless steel tube having a diameter of 250 mm Without 
insuration coating. FIG. 4B shoWs a case Wherein an 
insulating coating having a thickness of 5 mm is provided on 
the loop antenna in FIG. 4A. FIG. 4C shoWs a case Wherein 
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the antenna 6 according to the preferable embodiment is 
used. FIG. 4A indicates that the uninsulated loop antenna 
has an average ?oating potential very much higher than 
those of the other tWo antennas. Consequently, this causes 
frequent arcing in plasma, resulting in an unstable electric 
potential. FIG. 4B indicates that the loop antenna having an 
insulating coating on the surface still has dispersion of 
potential in some locations, although the ?oating potential is 
has been reduced. This is attributable to incomplete insula 
tion betWeen the metal antenna and the plasma. HoWever, it 
is very dif?cult to coat an antenna in the form of a circular 
loop With an insulator uniformly Without any gap, Which not 
only requires high accuracy in material processing from the 
technical point of vieW but also involves a serious increase 
in manufacturing costs to achieve. It is therefore dif?cult to 
improve the stability of the conventional loop antennas 
further. On the contrary, FIG. 4C shoWing the use of the 
linear radial antenna according to the invention indicates 
that it has an average ?oat potential Which is loWer and much 
stabler than those of the other tWo antennas. Although the 
magnetic ?eld for suppressing diffusion originating from the 
electromagnet 14 Was not applied in the illustrated case, the 
same stability Was exhibited When it Was applied. 

[0037] The results of the experiment shoW that forming an 
antenna in a linear con?guration alloWs a simpler and more 
economical process to provide an insulating coating on the 
surface of the antenna and alloWs complete insulation 
betWeen the antenna and plasma to improve the stability of 
plasma signi?cantly. 

[0038] FIG. 5 shoWs results of an experiment to measure 
the relationship betWeen the current density of saturated ions 
and applied RF poWer in the center of the reaction chamber 
of the preferred embodiment of the plasma processing 
apparatus according to the present invention. The saturated 
ion current density substantially corresponds to the plasma 
density. The experiment Was conducted by varying the 
applied RF poWer under a reaction chamber internal pres 
sure of 5 mTorr at an RF frequency of 13.56 MHZ using Ar 
as the processing gas. The graph 50 shoWs a case Wherein no 
magnetic ?eld from magnetic ?eld generating means is 
applied, and the graph 51 shoWs a case Wherein a current of 
10 A is applied to the electromagnet coil 14 to apply a 
magnetic ?eld. The graph 50 indicates that the saturated ion 
current density monotonously increases as the applied RF 
poWer is increased to alloW the plasma density to be easily 
improved. For example, the plasma density achieved by 
applying RF poWer of 2.5 kW is about four times higher than 
the plasma density achieved by applying RF poWer of 0.5 
kW. This is attributable to the fact that high poWer can be 
applied to the linear radial antenna of the invention because 
of its complete insulation and that such high poWer can be 
ef?ciently applied because a plurality of conductors are 
parallel-connected to reduce the amplitude of a high fre 
quency voltage. Further, the graph 51 indicates that the 
application of an external magnetic ?eld improves the 
plasma density further even if the RF poWer is kept constant. 
For example, When the applied RF poWer is 2 kW, the 
application of an external magnetic ?eld improves the 
plasma density by a factor of about 1.5. This is attributable 
to the fact that the diffusion of plasma ions is suppressed to 
prevent loss, resulting in further improvement of the plasma 
density. 
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[0039] The experimental results indicated that forming an 
antenna in a linear con?guration allows high RF poWer to be 
applied, thereby alloWing plasma density to be easily 
improved. Further, it Was revealed that the application of an 
external magnetic ?eld makes it possible to improve plasma 
density further Without varying the applied RF poWer. 

[0040] FIG. 6 shoWs results of an experiment to measure 
the relationship betWeen the saturated ion current density in 
the reaction chamber and the distance from the center of the 
reaction chamber in the preferable embodiment of the 
plasma processing apparatus according to the invention. The 
saturated ion current density substantially corresponds to the 
plasma density here again. The experimental results shoW 
spatial pro?les of plasma in the reaction chamber. The 
experiment Was conducted With a reaction chamber internal 
diameter of 400 mm, a reaction chamber internal pressure of 
5 mTorr and an RF frequency of 13.56 MHZ using Ar as the 
processing gas by varying the applied RF poWer and the 
strength of the external magnetic ?eld. The graph 60 shoWs 
a pro?le of plasma obtained at RF poWer of 2.0 kW and an 
electromagnet current of 0 A. The graph 61 shoWs a pro?le 
of plasma obtained at RF poWer of 2.5 kW and an electro 
magnet current of 5 A. The graph 62 shoWs a pro?le of 
plasma obtained at RF poWer of 2.5 kW and an electromag 
net current of 10 A. The graph 63 shoWs a pro?le of plasma 
obtained at RF poWer of 3.0 kW and an electromagnet 
current of 15 A. Those graphs indicate that the plasma 
density is substantially uniform in the range up to a radius 
of about 100 mm and that the uniformity is further improved 
by increasing the electromagnet current. Such high unifor 
mity and controllability is attributable to the fact that the 
conductors of the antenna according to the invention are 
radially disposed around the center thereof at equal intervals 
of a constant angle and fact that the external magnetic ?eld 
makes it possible to suppress diffusion of ions and electrons. 

[0041] The experimental results indicated that plasma 
generated by the linear antenna according to the invention 
has very high spatial uniformity and controllability. It Was 
also revealed that the use of such uniformity and controlla 
bility of plasma in a reaction chamber having a greater inner 
diameter alloWs a semiconductor Wafer having a larger 
diameter to be easily processed. 

[0042] A linear antenna according to the present invention 
can be subjected to an insulating coating process on the 
surface thereof easily and economically, Which alloWs com 
plete insulation betWeen the antenna and plasma to improve 
the stability of plasma signi?cantly. 

[0043] Alinear antenna according to the present invention 
makes it possible to apply a radio frequency of high poWer 
to improve plasma density easily. Further, the application of 
an external magnetic ?eld makes it possible to improve 
plasma density further Without varying the applied RF 
poWer. 

[0044] Furthermore, a linear antenna according to the 
present invention signi?cantly improves the spatial unifor 
mity and controllability of plasma generated thereby. The 
use of such uniformity and controllability of plasma in a 
reaction chamber having a greater inner diameter alloWs a 
semiconductor Wafer having a larger diameter to be easily 
processed. 
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[0045] Moreover, a linear antenna according to the inven 
tion makes it possible to provide a compact and economical 
plasma processing apparatus having small dimensions. 

[0046] Having described and illustrated the principles of 
the invention in preferred embodiments thereof, it is appar 
ent to those skilled in the art that the invention can be 
modi?ed in arrangement and detail Without departing from 
such principles. It is therefore intended to claim all modi 
?cations and variation coming Within the spirit and scope of 
the invention as set forth in the folloWing claims. 

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

a reaction chamber for processing an object With plasma, 
said reaction chamber having a gas inlet and a gas 
outlet and being pressure-controllable; 

a susceptor for placing the object thereon, said susceptor 
being provided in the inside of the reaction chamber 
and being adapted to be connected to an RF poWer 
supply; and 

an antenna constituted by a plurality of linear conductors 
provided in the reaction chamber Where the antenna 
faces the object When placed on the susceptor, said 
antenna having a central axis and being adapted to be 
connected to an RF poWer supply, said linear conduc 
tors being arranged in rotation symmetry With respect 
to the central axis Where the linear conductors are 
exposed to plasma When being operated. 

2. The plasma-processing apparatus according to claim 1, 
Wherein the antenna is constituted by at least three linear 
conductors, each radially extending from the central axis. 

3. The plasma-processing apparatus according to claim 1, 
Wherein the antenna has tWo terminals, one terminal being 
adapted to be connected to the RF poWer supply, the other 
terminal being adapted to be connected to the ground. 

4. The plasma-processing apparatus according to claim 1, 
Wherein the linear conductors each are electrically con 
nected in a line. 

5. The plasma processing apparatus according to claim 1, 
Wherein the linear conductors each are electrically con 
nected in series. 

6. The plasma-processing apparatus according to claim 1, 
Wherein the linear conductors are disposed in tWo layers 
parallel to each other With respect to the susceptor. 

7. The plasma-processing apparatus according to claim 1, 
Wherein linear conductors have a holloW tubular structure. 

8. The plasma-processing apparatus according to claim 7, 
Wherein the linear conductors are adapted to be connected to 
a cooling-Water supply, and the holloW tubular structure is 
used for passing cooling Water therethrough. 

9. The plasma-processing apparatus according to claim 1, 
further comprising a magnetic ?eld generator disposed in a 
position such that the generator generates a magnetic ?eld in 
a direction orthogonal to an electrical ?eld induced by the 
antenna and the susceptor When being operated. 

10. The plasma-processing apparatus according to claim 
1, Wherein said antenna is insulated. 

* * * * * 


