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SUBSTRATE PROCESSING APPARATUS

TECHNICAL FIELD

[0001] The embodiments described herein pertain gener-
ally to a substrate processing apparatus of controlling a
plasma density distribution by using a magnetic field.

BACKGROUND

[0002] Conventionally, there has been known a substrate
processing apparatus that controls a plasma density distribu-
tion by generating a magnetic field in a processing space
where an electric field is present. In this substrate processing
apparatus, electrons make a drift motion with a Lorentz force
caused by the electric field and the magnetic field in the
processing space into which a processing gas is introduced to
be collided with molecules or atoms of the processing gas, so
that plasma is generated.

[0003] By way of example, a conventional magnetron
plasma processing apparatus includes a dipole ring magnet
formed of multiple columnar anisotropic segment magnets
arranged in a ring shape at an outside of a chamber, and as
shown in FIG. 11, a uniform horizontal magnetic field B as a
whole is formed by slightly deviating a direction of magne-
tization caused by the multiple columnar anisotropic segment
magnets (see, for example, Patent Document 1). Further, FIG.
11 is a diagram (plane view) of the conventional magnetron
plasma processing apparatus as viewed from above, and
shows that a base end side of the direction of the magnetic
field is indicated by N, a leading end side thereof'is indicated
by S, and positions rotated by 90° from N and S are respec-
tively indicated by E and W.

[0004] However, the horizontal magnetic field B formed by
the dipole ring magnet is directed only in one direction from
N to S in the diagram. Further, in this magnetron plasma
processing apparatus, the electric field is formed downward,
so that the electrons travel from E to W by the drift motion by
a Lorentz force. Consequently, plasma density is low onthe E
side and high on the W side, so that a plasma density distri-
bution becomes non-uniform.

[0005] To solve this problem, the dipole ring magnet is
rotated in its circumferential direction to change the direction
of the drift motion of electrons. In practice, however, it is
difficult to make the plasma density distribution uniform only
by rotating the dipole ring magnet.

[0006] Further, there has been known a conventional mag-
netron etching apparatus including a rotary magnet as shown
in FIG. 12.

[0007] This magnetron etching apparatus 120 includes a
processing chamber 121, an upper electrode 122 and a lower
electrode 123 provided to face each other in a vertical direc-
tion within the processing chamber 121, a magnet 124 which
has a substantially circular plate shape and is provided to be
rotated above or at an outside of the upper electrode 122, and
a high frequency power supply 125 that applies a high fre-
quency power to a space between the upper electrode 122 and
the lower electrode 123. Further, a wafer W is provided within
the processing chamber 121 (see, for example, Patent Docu-
ment 2).

[0008] The magnet 124 provided above or at the outside of
the upper electrode 122 generates a magnetic field B along a
surface of the wafer W within the processing chamber 121.
The magnet 124 is rotated at a desired rotation speed by a
driving device (not illustrated) such as a motor or the like in a
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horizontal plane parallel to a surface of the wafer W. As a
result, the magnetic field B is formed to be intersected with an
electric field E applied into a space within the processing
chamber 121.

[0009] In this magnetron etching apparatus 120, when a
time average is taken, plasma density becomes uniform above
the wafer W, but at each moment, the plasma density is still
non-uniform. Further, by a drift motion of charged particles,
for example, electrons, caused by a Lorentz force, the plasma
density and an etching speed (etching rate) on the surface of
the wafer W decreases in one direction and an electric poten-
tial (Vo) increases. That is, since the plasma density
becomes non-uniform and an electric potential also becomes
non-uniform, charged regions polarized positively and nega-
tively are respectively formed at both ends of the wafer W
(charge-up phenomenon).

[0010] Therefore, in order to remove the non-uniformity in
plasma density distribution described in Patent Document 1
and Patent Document 2, the present applicant suggests a
plasma processing apparatus that generates a magnetic field
symmetric with respect to a central portion of the wafer W in
aprocessing space. To be specific, as illustrated in FIG. 13, in
aplasma processing apparatus 130, multiple permanent mag-
nets 132 are arranged in multiple annular circles with respect
to the central portion of the wafer W on an upper surface of a
processing chamber 131 facing the wafer W, and a magnetic
pole from each permanent magnet 132 toward the wafer W is
adjusted. As a result, a magnetic field B radially distributed
from the central portion of the wafer W in the processing
space is generated (see, for example, Patent Document 3).
Thus, electrons are rotated above the wafer W around the
central portion of the wafer W by the drift motion with a
Lorentz force, so that the plasma density does not simply
decrease or increase in one direction and plasma is distributed
symmetrically with respect to the central portion of the wafer
W. As aresult, non-uniformity in plasma density is removed.

REFERENCES

[0011] Patent Document 1: Japanese Patent Publication
No. 3375302
[0012] Patent Document 2: Japanese Patent Publication
No. 3037848
[0013] Patent Document 3: Japanese Patent Publication
No. 4107518

DISCLOSURE OF THE INVENTION

Problems to be Solved by the Invention
[0014] However, when a condition of a plasma process to

be performed on a water W is modified, there may be a change
in a plasma density distribution in a processing space. For this
reason, it may be necessary to correct non-uniformity in
plasma density by changing a distribution of a magnetic field
(magnetic flux density or direction of the magnetic flux)
generated within a processing chamber.

[0015] However, in the plasma processing apparatus of
Patent Document 3, since the permanent magnets 132 are
used to generate the magnetic field B, in order to change the
magnetic flux density within the processing chamber, posi-
tions of the permanent magnets 132 with respect to the pro-
cessing chamber need to be changed. In order to change the
positions of the permanent magnets 132, for example, a mag-
net driving device needs to be provided, so that a configura-
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tion of the plasma processing apparatus becomes compli-
cated. Further, in order to change the magnetic flux direction
within the processing chamber, a magnetic pole on a process-
ing chamber side of each magnet needs to be changed. How-
ever, it is difficult to change a magnetic pole of the permanent
magnet 132. That is, in this plasma processing apparatus
generating a magnetic field by using the permanent magnets
as described in Patent Document 3, it is difficult to obtain an
optimum magnetic field distribution in response to a change
in the plasma density distribution within the processing
space.

[0016] In view of the foregoing, example embodiments
provide a substrate processing apparatus capable of obtaining
a magnetic field distribution that allows a plasma density
distribution in a processing space to be optimized.

Means for Solving the Problems

[0017] Inoneexample embodiment, a substrate processing
apparatus generates an electric field in a processing space
between a lower electrode to which a high frequency power is
applied and an upper electrode provided to face the lower
electrode, and also performs a plasma process on a substrate
mounted on the lower electrode with plasma generated by the
electric field. The substrate processing apparatus includes
multiple electromagnets arranged on a top surface of the
upper electrode opposite to the processing space. Further,
each of the electromagnets is radially arranged with respect to
a central portion of the upper electrode facing a central por-
tion of the substrate.

[0018] The multiple electromagnets may be divided into
multiple electromagnet groups, and in each of the electro-
magnet groups, intensity of a magnetic field generated by
each of'the electromagnets and/or a magnetic pole of each of
the electromagnets may be controlled.

[0019] The multiple electromagnets may be divided into a
first electromagnet group, a second electromagnet group, and
a third electromagnet group. The first electromagnet group
may include the electromagnets facing the central portion of
the substrate, the second electromagnet group may include
the electromagnets facing a peripheral portion of the sub-
strate, and the third electromagnet group may include the
electromagnets arranged on an outside of the second electro-
magnet group with respect to the central portion of the upper
electrode without facing the substrate. Further, magnetic
poles on the processing space side of the electromagnets
belonging to the first electromagnet group may be identical to
each other, magnetic poles on the processing space side of the
electromagnets belonging to the second electromagnet group
may be identical to each other, and magnetic poles on the
processing space side of the electromagnets belonging to the
third electromagnet group may be identical to each other.
[0020] The electromagnets belonging to each of the first
electromagnet group and the second electromagnet group
may be spaced apart from each other at equal distances, and
the electromagnets belonging to the third electromagnet
group may be arranged in a circular ring shape around the
central portion of the upper electrode.

[0021] Total magnetic flux generated by the electromagnets
belonging to the third electromagnet group may be about 8 to
12 times greater than total magnetic flux generated by the
electromagnets belonging to each of the first electromagnet
group and the second electromagnet group.

[0022] Intensity of a magnetic field generated by each of
the electromagnets and/or a magnetic pole of each of the
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electromagnets may be controlled depending on conditions of
the plasma process to be performed on the substrate.

[0023] In another example embodiment, a substrate pro-
cessing apparatus generates an electric field in a processing
space between a lower electrode to which a high frequency
power is applied and an upper electrode provided to face the
lower electrode, and also performs a plasma process on a
substrate mounted on the lower electrode with plasma gener-
ated by the electric field. The substrate processing apparatus
includes multiple electromagnets arranged on a top surface of
the upper electrode on the opposite side of the processing
space; a first high frequency power supply that is configured
to supply a high frequency power having a first high fre-
quency and is connected to the lower electrode; and a second
high frequency power supply that is configured to supply a
high frequency power having a second high frequency higher
than the first high frequency and is connected to the lower
electrode. Furthermore, when the first high frequency power
supply supplies the high frequency power having the first
high frequency, each of the electromagnets may not generate
a magnetic field in the processing space. Moreover, when the
second high frequency power supply supplies the second high
frequency power having the second high frequency, each of
the electromagnets may generate a magnetic field in the pro-
cessing space.

[0024] In yet another example embodiment, a substrate
processing apparatus generates an electric field in a process-
ing space between a lower electrode to which a high fre-
quency power is applied and an upper electrode provided to
face the lower electrode, and also performs a TSV process of
forming a through hole in a substrate with plasma generated
from a fluorine-containing gas by the electric field. Here, the
substrate processing apparatus includes multiple electromag-
nets arranged on a top surface of the upper electrode on the
opposite side of the processing space. Further, each of the
electromagnets may generate a magnetic field such that inten-
sity of the magnetic field at an area facing a peripheral portion
of'the substrate in the processing space is greater than that of
the magnetic field at an area facing a central portion of the
substrate in the processing space.

Effect of the Invention

[0025] Inaccordance with the example embodiments, mul-
tiple electromagnets are arranged on a top surface of an upper
electrode opposite to a processing space in a substrate pro-
cessing apparatus. Since each of the electromagnets are radi-
ally arranged with respect to a central portion of the upper
electrode facing a central portion of a substrate, a magnetic
field radially distributed with respect to the central portion of
the substrate can be generated in the processing space. Fur-
ther, by controlling a direction or a magnitude of an electric
current flowing in each electromagnet, it is possible to easily
control intensity or a magnetic flux direction of a magnetic
field to be generated. As a result, it is possible to obtain a
magnetic field distribution that allows a plasma density dis-
tribution in a processing space to be optimized.

BRIEF DESCRIPTION OF THE DRAWINGS

[0026] FIG. 1A is a cross-sectional view schematically
showing a configuration of a substrate processing apparatus
in accordance with a first example embodiment.

[0027] FIG. 1B is a diagram schematically showing a con-
figuration of the substrate processing apparatus in accordance
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with the present example embodiment, and shows an upper
electrode of the substrate processing apparatus when viewed
along a white arrow of FIG. 1A.

[0028] FIG.2A is adiagram for explaining a drift motion of
electrons caused by an electric field and a magnetic field
generated in the substrate processing apparatus of FIG. 1A
and FIG. 1B, and is a cross-sectional view of the substrate
processing apparatus of FIG. 1A and FIG. 1B.

[0029] FIG. 2B is a diagram for explaining the drift motion
of'the electrons caused by the electric field and the magnetic
field generated in the substrate processing apparatus of FIG.
1A and FIG. 1B, and shows an upper electrode of the sub-
strate processing apparatus when viewed along a white arrow
of FIG. 2A.

[0030] FIG. 3A is a diagram for explaining a relationship
between a magnetic pole on a processing space side of each
electromagnet and intensity of the magnetic field generated in
a processing space.

[0031] FIG. 3B is a diagram for explaining a relationship
between a magnetic pole on a processing space side of each
electromagnet and intensity of a magnetic field generated in
the processing space.

[0032] FIG. 3C is a diagram for explaining a relationship
between a magnetic pole on a processing space side of each
electromagnet and intensity of a magnetic field generated in
the processing space.

[0033] FIG. 4A is a diagram for explaining a relationship
between a magnetic pole on a processing space side of each
electromagnet and intensity of a magnetic field generated in
the processing space.

[0034] FIG. 4B is a diagram for explaining a relationship
between a magnetic pole on a processing space side of each
electromagnet and intensity of a magnetic field generated in
the processing space.

[0035] FIG. 4C is a diagram for explaining a relationship
between a magnetic pole on a processing space side of each
electromagnet and intensity of a magnetic field generated in
the processing space.

[0036] FIG.5isacross-sectional view schematically show-
ing a configuration of a substrate processing apparatus in
accordance with a second example embodiment.

[0037] FIG. 6A is a process diagram for explaining a TSV
process a part of which is performed by the substrate process-
ing apparatus in accordance with the present example
embodiment.

[0038] FIG. 6B is aprocess diagram for explaining the TSV
process a part of which is performed by the substrate process-
ing apparatus in accordance with the present example
embodiment.

[0039] FIG. 6C is aprocess diagram for explaining the TSV
process a part of which is performed by the substrate process-
ing apparatus in accordance with the present example
embodiment.

[0040] FIG.7Aisaprocess diagram for explaining the TSV
process a part of which is performed by the substrate process-
ing apparatus in accordance with the present example
embodiment.

[0041] FIG.7Bis aprocess diagram for explaining the TSV
process a part of which is performed by the substrate process-
ing apparatus in accordance with the present example
embodiment.
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[0042] FIG. 7Cis aprocess diagram for explaining the TSV
process a part of which is performed by the substrate process-
ing apparatus in accordance with the present example
embodiment.

[0043] FIG. 8A is a cross-sectional view schematically
showing a configuration of a substrate processing apparatus
in accordance with a third example embodiment.

[0044] FIG. 8B is a cross-sectional view schematically
showing a configuration of the substrate processing apparatus
in accordance with the third example embodiment, and shows
anupper electrode of the substrate processing apparatus when
viewed along a white arrow of FIG. 8A.

[0045] FIG. 9A is a graph showing an etching rate when the
substrate processing apparatus of FIG. 8A and FIG. 8B per-
forms an etching process on a wafer, and shows a case where
a magnetic field is not generated within a processing space.
[0046] FIG. 9B is a graph showing an etching rate when the
substrate processing apparatus of FIG. 8A and FIG. 8B per-
forms the etching process on the wafer, and shows a case
where a magnetic field in a radial shape is generated within
the processing space.

[0047] FIG. 10A is a graph explaining a calculation result
when a magnetic pole on a processing space side of each
electromagnet is changed in a central portion facing group, a
peripheral portion facing group, and an outer portion facing
group in the substrate processing apparatus of FIG. 8A and
FIG. 8B, and shows an etching rate distribution.

[0048] FIG. 10B is a graph explaining a calculation result
when the magnetic pole on the processing space side of each
electromagnet is changed in the central portion facing group,
the peripheral portion facing group, and the outer portion
facing group in the substrate processing apparatus of FIG. 8A
and FIG. 8B and shows a magnetic flux density distribution.
[0049] FIG. 11 is a diagram showing a horizontal magnetic
field in a conventional magnetron plasma processing appara-
tus.

[0050] FIG. 12 is a cross-sectional view schematically
showing a configuration of a conventional magnetron plasma
etching apparatus.

[0051] FIG. 13 is a cross-sectional view schematically
showing a configuration of a conventional plasma processing
apparatus that removes the non-uniformity in plasma density.

MODE FOR CARRYING OUT THE INVENTION

[0052] Hereinafter, example embodiments will be
explained with reference to the accompanying drawings.
[0053] Firstly, a substrate processing apparatus in accor-
dance with a first example embodiment will be explained.
[0054] FIG. 1A and FIG. 1B schematically show configu-
rations of the substrate processing apparatus in accordance
with the present example embodiment. FIG. 1A is a cross-
sectional view of the substrate processing apparatus, and FIG.
1B is a diagram showing an upper electrode of the substrate
processing apparatus when viewed along a white arrow of
FIG. 1A. The substrate processing apparatus is configured to
perform a plasma process, for example, a dry etching process,
on a wafer for a semiconductor device (hereinafter, simply
referred to as “wafer”) W as a substrate.

[0055] In FIG. 1A, a substrate processing apparatus 10
includes a cylinder-shaped chamber 11 (processing chamber)
that accommodates therein the wafer W having a diameter of,
for example, about 300 mm. Within the chamber 11, a cylin-
der-shaped susceptor 12 (lower electrode) configured to
mount thereon the wafer W is provided at a lower side, and a
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ceiling portion of the chamber 11, facing the susceptor 12, is
configured as an upper electrode 13. A processing space S is
formed between the susceptor 12 and the upper electrode 13.
[0056] In the substrate processing apparatus 10, plasma is
generated in the processing space S depressurized by a non-
illustrated exhaust device, and a plasma process is performed
on the wafer W mounted on the susceptor 12 with the plasma.
[0057] The susceptor 12 within the chamber 11 is con-
nected to a first high frequency power supply 14 via a first
matching unit 15 and to a second high frequency power
supply 16 via a second matching unit 17. The first high
frequency power supply 14 is configured to apply a high
frequency power having a higher frequency of, for example,
about 60 MHz to the susceptor 12, and the second high
frequency power supply 16 is configured to apply a high
frequency power having a lower frequency of, for example,
about 3.2 MHz to the susceptor 12. Thus, the susceptor 12
serves as a lower electrode. Further, the first matching unit 15
and the second matching unit 17 are configured to control
impedance to allow the high frequency powers to be effi-
ciently applied to the susceptor 12, respectively.

[0058] At the upper peripheral portion of the susceptor 12,
a step-shaped portion is formed such that a central portion of
the susceptor 12 protrudes upward in the drawing. At a front
end of the central portion of the susceptor 12, an electrostatic
chuck (not illustrated), which is made of ceramic and has an
electrostatic electrode plate therein, is provided. The electro-
static chuck is configured to attract and hold the wafer W with
a Coulomb force or a Johnsen-Rahbek force.

[0059] On the step-shaped portion at the upper peripheral
portion of the susceptor 12, a focus ring 18 is mounted to
surround the wafer W attracted to and held by the electrostatic
chuck. The focus ring 18 is made of silicon (Si) or silicon
carbide (SiC), and is configured to extend a plasma distribu-
tion area in the processing space S to above the wafer W and
also to above the focus ring 18. The ceiling portion of the
chamber 11 facing the susceptor 12 with the processing space
S interposed therebetween is connected to a processing gas
inlet line 19, and the processing gas inlet line 19 introduces a
processing gas to the processing space S.

[0060] In the substrate processing apparatus 10, the pro-
cessing gas is introduced into the processing space S through
the processing gas inlet line 19, and an electric field E is
generated in a direction as indicated by a white arrow in the
drawing, i.e., from the susceptor 12 toward the upper elec-
trode 13, within the processing space S by applying the high
frequency powers to the susceptor 12 from the first high
frequency power supply 14 and the second high frequency
power supply 16. The electric field E generates plasma by
exciting molecules or atoms of the introduced processing gas.
Here, radicals in the plasma drift and move to the wafer W.
Further, positive ions in the plasma are attracted toward the
wafer W by applying the high frequency powers to the sus-
ceptor 12 from the first high frequency power supply 14 and
the second high frequency power supply 16, so that a plasma
process is performed on this wafer W.

[0061] Further, the substrate processing apparatus 10
includes multiple electromagnets 20 arranged in a substan-
tially radial shape on a top surface 13a of the upper electrode
13 opposite to the processing space S. Each electromagnet 20
includes a rod-shaped yoke 20a formed of an iron core and a
coil 206 which is formed of a conducting wire wound on a
side surface of the yoke 20a. Here, both ends of the coil 205
are drawn out. A value of an electric current or a direction of
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anelectric current flowing in the coil 2056 of the electromagnet
20 is controlled by a controller (not illustrated), so that it is
possible to selectively change the total magnetic flux or a
direction of the magnetic flux generated by this electromag-
net 20.

[0062] Inthesubstrate processing apparatus 10, as depicted
in FIG. 1B, the multiple electromagnets 20 are divided into a
central portion facing group 21 (first electromagnet group)
including the electromagnet 20 facing the central portion of
the wafer W; a peripheral portion facing group 22 (second
electromagnet group) including multiple electromagnets 20
which are arranged in a circular ring shape with respect to a
central portion C of the upper electrode 13 (hereinafter,
referred to as “upper electrode central portion C”) facing the
central portion of the wafer W and face the peripheral portion
of the wafer W; and an outer portion facing group (third
electromagnet group) including multiple electromagnets 20
which are arranged in a circular ring shape with respect to the
upper electrode central portion C and arranged at an outside
of the peripheral portion facing group 22 without facing the
wafer W. In the substrate processing apparatus 10, a direction
of'the electric current flowing in the coil 205 of each electro-
magnet 20 is controlled such that magnetic poles on the
processing space S side of the respective electromagnets 20
belonging to the peripheral portion facing group 22 are iden-
tical to each other, and a direction of the electric current
flowing in the coil 205 of each electromagnet 20 is controlled
such that magnetic poles on the processing space S side of the
respective electromagnets 20 belonging to the outer portion
facing group 23 are identical to each other.

[0063] Inthe present example embodiment, the central por-
tion facing group 21 has a single electromagnet 20 in the
drawing, but may be formed of multiple electromagnets 20
arranged in a circular ring shape with respect to the upper
electrode central portion C facing the central portion of the
wafer W.

[0064] Further, when the upper electrode 13 of the substrate
processing apparatus 10 is viewed from the processing space
S along a white arrow of FIG. 1A, since the upper electrode 13
is not transparent, each electromagnet 20 arranged on the top
surface 13a of the upper electrode 13 cannot be seen. How-
ever, in the drawing, in order to easily explain arrangement of
the electromagnets 20, the upper electrode 13 is set to be
transparent in the present example embodiment, so that the
arrangement of the electromagnets 20 can be seen through the
upper electrode 13, which will be the same in FIG. 2B and
FIG. 8B to be described later.

[0065] FIG. 2A and FIG. 2B are diagrams for explaining a
drift motion of electrons caused by an electric field and a
magnetic field generated in the substrate processing appara-
tus of FIG. 1A and FIG. 1B, and FIG. 2A is a cross-sectional
view of the substrate processing apparatus of FIG. 1A and
FIG. 1B, and FIG. 2B is a diagram showing an upper elec-
trode of the substrate processing apparatus when viewed
along a white arrow of FIG. 2A.

[0066] Inthe plasma processing apparatus 10, for example,
as depicted in FIG. 2A, if a magnetic pole on the processing
space S side of the electromagnet 20 belonging to the central
portion facing group 21 is set as an N pole, and a magnetic
pole on the processing space S side of each electromagnet 20
belonging to the peripheral portion facing group 22 and the
outer portion facing group 23 is set as an S pole, a magnetic
field B in a radial shape is generated from the central portion
facing group 21 toward the peripheral portion facing group 22
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and the outer portion facing group 23. Here, as described
above, since the electric field E is generated within the pro-
cessing space S, electrons within the processing space S are
drifted by a Lorentz force caused by the electric field E and
the magnetic field B in the processing space S. To be specific,
the electric field E is generated from a front side toward an
inner side of FIG. 2B, and the magnetic field B is generated in
a radial shape with respect to the upper electrode central
portion C. Therefore, the electrons are accelerated in a tan-
gent direction of the circumference around the upper elec-
trode central portion C and rotated along a circular electron
trajectory D around the upper electrode central portion C
according to the Fleming’s left-hand rule. Here, the rotated
electrons are collided with molecules or atoms of the process-
ing gas within the processing space S to generate plasma. As
a result, circular ring-shaped plasma is generated along the
circular electron trajectory D.

[0067] A speed (vgE) of the drift motion of the electrons
caused by the electric field and the magnetic field is expressed
by the following equation (1).

vgE=E/B (€8]

[0068] According to the equation (1), when intensity of the
electric field E is uniform, as intensity of the magnetic field B
(magnetic field intensity) is increased, a speed of the drift
motion of the electrons is decreased. If the speed of the drift
motion of the electrons is decreased, a staying time of the
electrons at a certain location becomes long, so that electron
density is increased at this location. As a result, since the
electrons are collided with molecules or atoms of the process-
ing gas more frequently, the plasma density is increased at
this location. That is, if the magnetic field intensity at a certain
location is increased by the electromagnets 20, the plasma
density at this location can be increased.

[0069] Therefore, by controlling the magnetic pole on the
processing space S side of each electromagnet 20 belonging
to the central portion facing group 21, the peripheral portion
facing group 22, and the outer portion facing group 23, a
distribution of the magnetic field B generated in the process-
ing space S is changed to allow the magnetic field intensity to
be high at a desired location, so that the plasma density at the
desired location can be increased.

[0070] FIG. 3A to FIG. 3C and FIG. 4A to FIG. 4C are
diagrams for explaining a relationship between a magnetic
pole on the processing space side of each electromagnet and
intensity of a magnetic field generated in the processing
space.

[0071] FIG. 3A illustrates a case where the magnetic pole
on the processing space S side of the electromagnet 20
belonging to the central portion facing group 21 is set as the
N pole; the magnetic pole on the processing space S side of
each electromagnet 20 belonging to the peripheral portion
facing group 22 is set as the S pole; and an electric current is
not applied to the coil 205 of each electromagnet 20 belong-
ing to the outer portion facing group 23 not to generate the
magnetic flux.

[0072] Inthis case, amagnetic field B is generated from the
central portion facing group 21 toward the peripheral portion
facing group 22, and the magnetic field intensity becomes
maximized between the central portion facing group 21 and
the peripheral portion facing group 22, so that the plasma
density between the central portion facing group 21 and the
peripheral portion facing group 22 can be increased.
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[0073] FIG. 3B illustrates a case where an electric current is
not applied to the coil 205 of the electromagnet 20 belonging
to the central portion facing group 21 and the magnetic flux is
not generated; the magnetic pole on the processing space S
side of each electromagnet 20 belonging to the peripheral
portion facing group 22 is set as the S pole; and the magnetic
pole on the processing space S side of each electromagnet 20
belonging to the outer portion facing group 23 is set as the N
pole.

[0074] Inthiscase, a magnetic field B is generated from the
outer portion facing group 23 toward the peripheral portion
facing group 22, and the magnetic field intensity becomes
maximized between the outer portion facing group 23 and the
peripheral portion facing group 22, so that the plasma density
between the outer portion facing group 23 and the peripheral
portion facing group 22 can be increased.

[0075] FIG. 3C illustrates a case where the magnetic pole
on the processing space S side of the electromagnet 20
belonging to the central portion facing group 21 is set as the
N pole; the magnetic pole on the processing space S side of
each electromagnet 20 belonging to the peripheral portion
facing group 22 is set as the S pole; and the magnetic pole on
the processing space S side of each electromagnet 20 belong-
ing to the outer portion facing group 23 is set as the N pole.
[0076] Inthiscase, a magnetic field B is generated from the
central portion facing group 21 toward the peripheral portion
facing group 22 and also generated from the outer portion
facing group 23 toward the peripheral portion facing group
22, and the magnetic field intensity is relatively increased
between the central portion facing group 21 and the periph-
eral portion facing group 22 and between the outer portion
facing group 23 and the peripheral portion facing group 22.
Accordingly, the plasma density between the central portion
facing group 21 and the peripheral portion facing group 22
and between the outer portion facing group 23 and the periph-
eral portion facing group 22 can be increased.

[0077] FIG. 4A illustrates a case where the magnetic pole
on the processing space S side of the electromagnet 20
belonging to the central portion facing group 21 is set as the
N pole, the magnetic pole on the processing space S side of
each electromagnet 20 belonging to the peripheral portion
facing group 22 is set as the S pole, and the magnetic pole on
the processing space S side of each electromagnet 20 belong-
ing to the outer portion facing group 23 is set as the S pole.
[0078] Inthiscase, a magnetic field B is generated from the
central portion facing group 21 toward the peripheral portion
facing group 22 and the outer portion facing group 23. Fur-
ther, since the magnetic field B is overlapped between the
central portion facing group 21 and the peripheral portion
facing group 22, the magnetic field intensity becomes maxi-
mized therebetween. Moreover, the magnetic field intensity is
relatively increased between the outer portion facing group
23 and the peripheral portion facing group 22. As a result, the
plasma density between the central portion facing group 21
and the peripheral portion facing group 22 and between the
outer portion facing group 23 and the peripheral portion fac-
ing group 22 can be increased. Further, since the plasma
density varies depending on the magnetic field intensity, the
plasma density between the central portion facing group 21
and the peripheral portion facing group 22 is higher than the
plasma density between the outer portion facing group 23 and
the peripheral portion facing group 22.

[0079] FIG. 4B illustrates a case where the magnetic pole
on the processing space S side of the electromagnet 20
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belonging to the central portion facing group 21 is set as the
N pole; the magnetic pole on the processing space S side of
each electromagnet 20 belonging to the peripheral portion
facing group 22 is set as the N pole; and the magnetic pole on
the processing space S side of each electromagnet 20 belong-
ing to the outer portion facing group 23 is set as the S pole.
[0080] Inthiscase, amagnetic field B is generated from the
central portion facing group 21 and the peripheral portion
facing group 22 toward the outer portion facing group 23.
Further, since the magnetic field B is overlapped between the
outer portion facing group 23 and the peripheral portion fac-
ing group 22, the magnetic field intensity becomes maxi-
mized therebetween. Moreover, the magnetic field intensity is
relatively increased between the central portion facing group
21 and the peripheral portion facing group 22. As a result, the
plasma density between the central portion facing group 21
and the peripheral portion facing group 22 and between the
outer portion facing group 23 and the peripheral portion fac-
ing group 22 can be increased. Further, in this case, the
plasma density between the outer portion facing group 23 and
the peripheral portion facing group 22 is higher than the
plasma density between the central portion facing group 21
and the peripheral portion facing group 22.

[0081] FIG. 4C illustrates a case where the magnetic pole
on the processing space S side of the electromagnet 20
belonging to the central portion facing group 21 is set as the
N pole; an electric current is not applied to the coil 205 of each
electromagnet 20 belonging to the peripheral portion facing
group 22 and the magnetic flux is not generated; and the
magnetic pole on the processing space S side of each electro-
magnet 20 belonging to the outer portion facing group 23 is
set as the S pole.

[0082] Inthiscase, amagnetic field B is generated from the
central portion facing group 21 toward the outer portion fac-
ing group 23, and the magnetic field intensity becomes maxi-
mized between the central portion facing group 21 and the
outer portion facing group 23, specifically at a location facing
the peripheral portion facing group 22. As a result, the plasma
density at the location facing the peripheral portion facing
group 22 can be increased.

[0083] The substrate processing apparatus 10 in accor-
dance with the present example embodiment includes the
multiple electromagnets 20 arranged in a substantially radial
shape on the top surface 134 of the upper electrode 13 oppo-
site to the processing space S. Therefore, a magnetic field B
radially distributed with respect to the central portion of the
wafer W in the processing space can be generated. Further, by
varying a direction or a magnitude of an electric current
flowing in each electromagnet 20, it is possible to easily
control a magnetic flux density or a magnetic flux direction of
a magnetic field to be generated. As a result, it is possible to
obtain a magnetic field distribution that allows a plasma den-
sity distribution in the processing space to be optimized.
[0084] A plasma density distribution in the processing
space S varies depending on conditions of a plasma process,
for example, a kind of a processing gas, or a power and a
frequency of a high frequency power. However, with the
substrate processing apparatus 10, it is possible to obtain a
plasma density distribution as desired. By way of example, in
order to obtain a uniform plasma density distribution in the
processing space S, if a plasma density distribution generated
only by an electric field E is increased at a central portion of
the processing space S, as depicted in FIG. 3B and FIG. 4B,
it is necessary to increase the plasma density between the
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outer portion facing group 23 and the peripheral portion fac-
ing group 22 by maximizing the magnetic field intensity
between the outer portion facing group 23 and the peripheral
portion facing group 22. Thus, the plasma density distribution
(dense at the central portion of the processing space S) gen-
erated only by the electric field E is overlapped with the
plasma density distribution (dense at the peripheral portion of
the processing space S) generated by the magnetic field B, so
that a uniform plasma density distribution can be obtained.
[0085] Further, if a plasma density distribution generated
only by the electric field E is increased at the peripheral
portion of the processing space S, as depicted in FIG. 3A and
FIG. 4A, it is necessary to increase the plasma density
between the central portion facing group 21 and the periph-
eral portion facing group 22 by maximizing the magnetic field
intensity between the central portion facing group 21 and the
peripheral portion facing group 22. Thus, the plasma density
distribution (dense at the peripheral portion of the processing
space S) generated only by the electric field E is overlapped
with the plasma density distribution (dense at the central
portion of the processing space S) generated by the magnetic
field B, so that a uniform plasma density distribution can be
obtained.

[0086] That is, in the substrate processing apparatus 10,
intensity of a magnetic field generated by each electromagnet
20 and/or a magnetic pole of each electromagnet 20 may be
varied depending on the conditions of the plasma process to
be performed on the wafer W. Therefore, if these conditions
of the plasma process to be performed on the wafer W are
changed, it is possible to obtain plasma density distributions
respectively optimized for the conditions of the plasma pro-
cess before and after the conditions are changed by control-
ling the generation condition of the magnetic field B.

[0087] Hereinafter, a substrate processing apparatus in
accordance with a second example embodiment will be
explained.

[0088] Configurations and operations of the present
example embodiment are basically the same as those of the
above-described first example embodiment, so that explana-
tion of the redundant configurations and operations will be
omitted and different configurations and operations will be
explained below.

[0089] FIG. 5is across-sectional view schematically show-
ing a configuration of a substrate processing apparatus in
accordance with the present example embodiment.

[0090] A substrate processing apparatus 24 in FIG. 5
includes three high frequency power supplies configured to
apply high frequency powers. To be specific, the susceptor 12
is connected to a first high frequency power supply 25 via a
first matching unit 26, to a second high frequency power
supply 27 via a second matching unit 28, and to a third high
frequency power supply 29 via a third matching unit 30. The
first high frequency power supply 25 is configured to apply a
high frequency power of, for example, about 40 MHz to the
susceptor 12, the second high frequency power supply 27 is
configured to apply a high frequency power of, for example,
about 100 MHz to the susceptor 12, and the third high fre-
quency power supply 29 is configured to apply a high fre-
quency power of, for example, about 3.2 MHz to the suscep-
tor 12.

[0091] In the substrate processing apparatus 24, the high
frequency powers are applied from the first high frequency
power supply 25, the second high frequency power supply 27,
and the third high frequency power supply 29 to the susceptor
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12 depending on conditions of a plasma process. Further, the
high frequency powers need not be applied to the susceptor 12
from all of the three high frequency power supplies 25, 27,
and 29, and for example, a high frequency power may be
applied from one or two selected from the three high fre-
quency power supplies 25,27, and 29. Although in the present
example embodiment, the three high frequency power sup-
plies 25,27, and 29 are connected to the susceptor 12, four or
more high frequency power supplies may be connected to the
susceptor 12. Further, the high frequency power supply may
not be connected to the susceptor 12, but the high frequency
power supply may be connected to the upper electrode to
apply the high frequency power to the processing space S.

[0092] However, as described in, for example, Japanese
Patent Laid-open Publication No. 2007-266533, when high-
density plasma is generated under a low pressure by applying
a high frequency power to a lower electrode such as a suscep-
tor, it a frequency of the high frequency power is increased in
order to meet a recent demand for process miniaturization, a
high frequency current generated by the high frequency
power is concentrated on a central portion of the upper elec-
trode or a central portion of the lower electrode. Thus, the
plasma density generated in a processing space is increased at
a central portion of the processing space rather than a periph-
eral portion of the processing space. As a result, an attention
has been drawn to a decrease of in-plane uniformity in a
plasma process to be performed on a wafer W.

[0093] In the present example embodiment, in order to
solve a non-uniform plasma density distribution generated
when the frequencies of the high frequency powers applied
from the high frequency power supplies are increased, inten-
sity of a magnetic field to be generated by controlling each
electromagnet 20 depending on the frequencies of the high
frequency powers to be applied to the susceptor 12 and/or a
magnetic pole of the electromagnet 20 is changed.

[0094] By way of example, if the second high frequency
power 27 applies a high frequency power of about 100 MHz
to the susceptor 12, a plasma density distribution dense at a
central portion of the processing space S is generated. How-
ever, in order to remove this non-uniformity, for example, as
depicted in FIG. 3B and FIG. 4B, the magnetic pole on the
processing space S side of each electromagnet 20 belonging
to the peripheral portion facing group 22 is set as the S pole
and the magnetic pole on the processing space S side of each
electromagnet 20 belonging to the outer portion facing group
23 is set as the N pole, or the magnetic pole on the processing
space S side of the electromagnet 20 belonging to the central
portion facing group 21 is set as the N pole, the magnetic pole
on the processing space S side of each electromagnet 20
belonging to the peripheral portion facing group 22 is set as
the N pole, and the magnetic pole on the processing space S
side of each electromagnet 20 belonging to the outer portion
facing group 23 is set as the S pole. Thus, it is possible to
generate a magnetic field B of which intensity is maximized
between the outer portion facing group 23 and the peripheral
portion facing group 22, and it is possible to generate a plasma
density distribution dense at a peripheral portion of the pro-
cessing space S can be generated by the magnetic field B.

[0095] As aresult, the plasma density distribution dense at
the central portion of the processing space S can be over-
lapped with the plasma density distribution dense at the
peripheral portion thereof, so that a uniform plasma density
distribution in the processing space S can be obtained.
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[0096] Ifthe first high frequency power supply 25 applies a
high frequency power of about 40 MHz to the susceptor 12, a
relatively uniform plasma density distribution is generated in
the processing space S. Thus, in order not to disperse this
plasma density distribution by the magnetic field B, an elec-
tric current is not applied to the coils 205 of all the electro-
magnets 20 belonging to the central portion facing group 21,
the peripheral portion facing group 22, and the outer portion
facing group 23, and a magnetic field B is not generated.
[0097] In the substrate processing apparatus 24 in accor-
dance with the present example embodiment, if the second
high frequency power supply 27 applies a high frequency
power of about 100 MHz to the susceptor 12, the magnetic
field B of which intensity is maximized between the outer
portion facing group 23 and the peripheral portion facing
group 22 is generated, and if the first high frequency power
supply 25 applies a high frequency power of about 40 MHz to
the susceptor 12, an electric current is not applied to the coils
2054 of all the electromagnets 20 and the magnetic field B is
not generated. Therefore, regardless of a frequency of a high
frequency power to be applied to the susceptor 12, a uniform
plasma density distribution in the processing space S can be
obtained, so that it is possible to suppress in-plane uniformity
of the wafer W from being decreased in the plasma process.
[0098] Although the third high frequency power supply 29
applies a high frequency power of about 3.2 MHz to the
susceptor 12 in the above-described substrate processing
apparatus 24, the third high frequency power supply 29 may
apply a high frequency power of about 13 MHz to the sus-
ceptor 12.

[0099] Hereinafter, a substrate processing apparatus in
accordance with a third example embodiment will be
explained

[0100] Configurations and operations of the present
example embodiment are basically the same as those of the
above-described first example embodiment, so that explana-
tion of the redundant configurations and operations will be
omitted and different configurations and operations will be
explained below.

[0101] FIG. 6A to FIG. 6C and FIG. 7A to FIG. 7C are
process diagrams for explaining a TSV (Through Silicon Via)
process a part of which is performed by the substrate process-
ing apparatus in accordance with the present example
embodiment. The TSV process is a processing method of
obtaining a three-dimensional wiring structure by forming a
through via in a silicon layer of a chip, in order to obtain an
electric connection between chips stacked for manufacturing
a semiconductor device.

[0102] First, atransistor 31 is formed on a surface of a wafer
W, and on the wafer W on which the transistor 31 is formed,
an interlayer insulating film 32 is further formed (FIG. 6A).
[0103] Then, a wiring structure 33 is formed on the inter-
layer insulating film 32. In this wiring structure 33, multiple
wiring layers 34 and multiple insulating films 35 are alter-
nately stacked on the interlayer insulating film 32, and via
holes 36 for wiring, through which the upper and lower wiring
layers 34 are electrically connected to each other, are formed
to be penetrated through the insulating film 35 (FIG. 6B).
[0104] Thereafter, the wafer W is turned over and bonded to
a support wafer SW with a photoreactive adhesive G, so that
a bonded wafer LW is formed. The support wafer SW is a
substrata serving as a supporting body configured to reinforce
the wafer W and suppress the wafer W from being bent when
the wafer W becomes thinned by grinding a rear surface Wb
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of'the wafer W. Further, the support water SW is formed of a
silicon plate or quartz glass having a thickness of, for
example, about 10 pum. Further, the bonded wafer LW is
supported by, for example, a support provided in a grinding
device, and the rear surface Wb of the wafer W is ground until
a thickness T1 before the grinding is reduced to a certain
thickness T2 of, for example, about 50 um to about 200 pm
(FIG. 6C).

[0105] Then, the rear surface Wb of the wafer W is coated
with a resist (not illustrated) and then exposed and developed,
so that a resist pattern (not illustrated) for forming a via hole
is formed. A dry etching process is performed on the bonded
wafer LW by a substrate processing apparatus 39 to be
described later and a via hole V having a diameter of, for
example, about 1 um to about 10 pm is formed. The resist
remaining on the rear surface Wb of the bonded wafer LW is
removed through an ashing process performed by the sub-
strate processing apparatus 39 to be described later (FIG. 7A).
Further, a depth of the via hole V corresponds to a thickness
of the wafer W after the rear surface Wb of the wafer W
becomes thinned by the grinding, and is, for example, about
50 um to about 200 pm.

[0106] Thereafter, on an inner peripheral surface of the via
hole V, an insulating film 37 formed of, for example, polyim-
ide is formed. Within the via hole V of which the inner
peripheral surface is coated with the insulating film 37, a
through electrode 38 is formed by, for example, the electro-
plating (FIG. 7B).

[0107] Then, an adhesive strength of the adhesive G is
reduced by irradiating, for example, ultraviolet lights (UV
light), and the support wafer SW is separated from the wafer
W. Thus, it is possible to obtain a chip P formed of the wafer
W which becomes thinned and has the through electrode 38
therein (FIG. 7C).

[0108] FIG. 8A and FIG. 8B are diagrams schematically
showing a configuration of a substrate processing apparatus
in accordance with the present example embodiment, specifi-
cally, FIG. 8A is a cross-sectional view, and FIG. 8B is a
diagram showing an upper electrode of the substrate process-
ing apparatus when viewed along a white arrow of FIG. 8A.
The present substrate processing apparatus is configured to
perform a plasma process, for example, a dry etching process
or an ashing process in the TSV process as shown in FIG. 6 A
to FIG. 6C and FIG. 7A to FIG. 7C, on the wafer.

[0109] In FIG. 8A, the substrate processing apparatus 39
includes two kinds of multiple electromagnets 40 and elec-
tromagnets 41 arranged on the top surface 13a of the upper
electrode 13. Each electromagnet 40 includes a rod-shaped
yoke 40qa and a coil 405 wound on a side surface of the yoke
40a. Like the electromagnet 40, each electromagnet 41 also
includes a rod-shaped yoke 41a and a coil 415 wound on a
side surface of the yoke 41a.

[0110] In the electromagnet 40, the yoke 40q is formed of
an iron core having a diameter of about 6.5 mm to about 7.5
mm, and the coil 405 is formed by winding a copper wire on
the side surface of the yoke 40a about 180 times to about 200
times. Further, in the electromagnet 41, the yoke 41a is
formed of an iron core having a diameter of about 26 mm to
about 28 mm, and the coil 415 is formed by winding a copper
wire on the side surface of the yoke 41a about 1300 times to
about 1500 times.

[0111] Inthe electromagnet 40 or the electromagnet 41, by
controlling a value of an electric current or a direction of an
electric current flowing in the coil 405 or the coil 415, it is
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possible to change the total magnetic flux or a direction of the
magnetic flux generated by the electromagnet 40 or the elec-
tromagnet 41.

[0112] Generally, the total magnetic flux generated by an
electromagnet can be expressed by the following equation

Q).

Total magnetic flux=magnetomotive force/magnetic
reluctance 2)

[0113] The total magnetic flux refers to an amount of all
magnetic force lines generated from one ends of yokes as iron
cores, and the unit thereofis Wb (weber). The magnetomotive
force refers to a force for generating magnetic flux in a so-
called magnetic circuit, and the unit thereof is AT (ampere
turn). Specifically, the magnetomotive force is expressed by
the product of the number of coil windings on a yoke and a
value of the electric current flowing in the coil. Therefore, as
the coil winding number and the value of the electric current
flowing in the coil are both increased, the magnetomotive
force is also increased. The magnetic reluctance is an index
indicating the difficulty of the magnetic flux flow in the mag-
netic circuit, which is expressed by the following equation

3).

Magnetic reluctance=length of magnetic path/(mag-
netic permeabilityxcross sectional area of mag-
netic path) 3)

[0114] The length of the magnetic path is the length of the
yoke, the magnetic permeability is a permeability of the yoke,
and the cross sectional area of the magnetic path is a cross
sectional area of the yoke. Therefore, as the length of the yoke
is increased and the diameter of the yoke is decreased, the
magnetic reluctance is increased.

[0115] In the electromagnets 40 and 41, the yokes 40a and
41a have the same length and the same permeability. The
values of the electric currents flowing in the coils 405 and 415
are substantially the same (electric current of about 0.78 A
flows in the coil 406 at a peak, and the electric current of about
0.70 A flows in the coil 415 at a peak). Since, however, the
winding number of the coil 415 is greater than that of the coil
405, the magnetomotive force of the electromagnet 41 is
greater than that of the electromagnet 40. Further, a diameter
of'the yoke 41 is greater than that of the yoke 40, so that the
magnetic reluctance of the electromagnet 41 becomes smaller
than that of the electromagnet 40. Accordingly, the total mag-
netic flux generated by the electromagnets 41 becomes
greater than that generated by the electromagnets 40. To be
specific, the total magnetic flux generated by the electromag-
nets 41 becomes about 8 to about 12 times greater than that
generated by the electromagnets 40.

[0116] In the substrate processing apparatus 39, as shown
in FIG. 8B, the electromagnets 40 and 41 are divided into a
central portion facing group 42 (first electromagnet group)
including the multiple electromagnets 40 facing the central
portion of the wafer W; a peripheral portion facing group 43
(second electromagnet group) including the multiple electro-
magnets 40 arranged to surround the central portion facing
group 42; and an outer portion facing group 44 (third electro-
magnet group) including the multiple electromagnets 41
which are arranged in a circular ring shape with respect to the
upper electrode central portion C and also arranged at an
outside of the peripheral portion facing group 43 without
facing the wafer W. In the central portion facing group 42 and
the peripheral portion facing group 43, the electromagnets 40
are spaced apart at equal distances in a radial direction and a
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circumferential direction of the upper electrode 13 and also
arranged in a substantially radial shape. Further, in the outer
portion facing group 44, the electromagnets 41 are arranged
in a single annular ring shape along the circumferential direc-
tion of the upper electrode 13. Furthermore, in FIG. 8A and
FIG. 8B, the electromagnets 40 of the central portion facing
group 42 are indicated by dashed lines.

[0117] The central portion facing group 42 includes the
multiple electromagnets 40 of which central portions are
spaced from the upper electrode central portion C by a dis-
tance of about 74.4 mm or less (indicated by L1 in FIG. 8B).
Further, the peripheral portion facing group 43 includes the
multiple electromagnets 40 of which central portions are
spaced from the upper electrode central portion C by a dis-
tance greater than about 74.4 mm and equal to or smaller than
about 148.8 mm (indicated by L2 in FIG. 8B). Moreover, the
outer portion facing group 44 includes the multiple electro-
magnets 41 of which central portions are spaced from the
upper electrode central portion C by a distance of about 190
mm (indicated by L3 in FIG. 8B). InFIG. 8 A and FIG. 8B, the
electromagnets 40 of the central portion facing group 42 are
indicated by dashed lines.

[0118] In the central portion facing group 42 and the
peripheral portion facing group 43, the directions of the elec-
tric currents flowing in the coils 406 of the electromagnets 40
are set such that magnetic poles on the processing space S side
of the electromagnets 40 have the same polarity. In the outer
portion facing group 44, the directions of the electric currents
flowing in the coils 415 of the electromagnets 41 are set such
that the magnetic poles on the processing space S side of the
electromagnets 41 have the same polarity.

[0119] However, in a case where a mixed gas of a fluorine-
containing gas and an oxygen gas, for example, a mixed gas
containing a SF gas and an O, gas is used as a processing gas
and the TSV process is performed on the water W by gener-
ating plasma from the processing gas, it is known that plasma
density at a central portion of the processing space S becomes
higher than plasma density at a peripheral portion of the
processing space S, so that an etching rate at a central portion
of the wafer W becomes higher than an etching rate at a
peripheral portion of the wafer W, as shown in the graph of
FIG. 9A.

[0120] In the substrate processing apparatus 39 in accor-
dance with the present example embodiment, in order to
remove this non-uniformity, the magnetic pole on the pro-
cessing space S side of each electromagnet 40 belonging to
the central portion facing group 42 is set as the N pole, and the
magnetic pole on the processing space S side of each electro-
magnet 40 belonging to the peripheral portion facing group
43 and the magnetic pole on the processing space S side of
each electromagnet 41 belonging to the outer portion facing
group 44 are set as the S poles.

[0121] In this case, as depicted in FIG. 8A and FIG. 8B, a
magnetic field B is radially generated from the central portion
facing group 42 toward the peripheral portion facing group 43
and the outer portion facing group 44. In the generated mag-
netic field B, the total magnetic flux generated by the electro-
magnets 41 belonging to the outer portion facing group 44 is
greater than the total magnetic flux generated by the electro-
magnets 40 belonging to the central portion facing group 42
and the peripheral portion facing group 43 as described
above. As a result, the magnetic field intensity at the periph-
eral portion of the processing space S is greater than the
magnetic field intensity at the central portion of the process-
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ing space S. Therefore, in the magnetic field B, the magnetic
field intensity near the outer portion facing group 44, i.e. the
peripheral portion of the processing space S, is maximized
(see FIG. 10B to be described later).

[0122] Inthis case, from a front side of FIG. 8B toward an
inner side thereof, an electric field E has been generated by
applying a high frequency power from the first high fre-
quency power supply 14 to the susceptor 12. Thus, electrons
are rotated around the upper electrode central portion C along
a circular electron trajectory D according to the Fleming’s
left-hand rule. Since, however, the magnetic field density at
the peripheral portion of the processing space S is maximized,
many electrons are rotated at the peripheral portion of the
processing space S, so that a lot of plasma is generated at the
peripheral portion of the processing space S and the plasma
density is increased. Thus, a plasma density distribution
(dense at the central portion of the processing space S) gen-
erated by the etching process is overlapped with a plasma
density distribution (dense at the peripheral portion of the
processing space S) caused by the magnetic field B generated
by the substrate processing apparatus 39 to obtain a uniform
plasma density distribution.

[0123] FIG. 9B is a graph showing an etching rate distribu-
tion when the substrate processing apparatus 39 depicted in
FIG. 8A and FIG. 8B performs an etching process on the
wafer W while generating the magnetic field B.

[0124] As shown in the graph of FIG. 9B, when performing
the etching process, if the substrate processing apparatus 39
sets the magnetic pole on the processing space S side of each
electromagnet 40 belonging to the central portion facing
group 42 as the N pole, and sets the magnetic pole on the
processing space S side of each electromagnet 40 belonging
to the peripheral portion facing group 43 and the magnetic
pole on the processing space S side of each electromagnet 41
belonging to the outer portion facing group 44 as the S poles,
and then, generates a magnetic field B, a substantially uni-
form etching rate can be obtained in the entire surface of the
wafer W.

[0125] FIG. 10A and FIG. 10B are graphs for explaining a
calculation result when a magnetic pole on the processing
space S side of each electromagnet 40 and electromagnet 41
is changed in the central portion facing group 42, the periph-
eral portion facing group 43, and the outer portion facing
group 44 in the substrate processing apparatus 39, and FIG.
10A shows an etching rate distribution, and FIG. 10B shows
a magnetic flux density distribution.

[0126] A thin dashed line indicates a case where all the
electromagnets 40 and all the electromagnets 41 do not gen-
erate magnetic flux (comparative comparative 1). A thin solid
line indicates a case where the magnetic pole on the process-
ing space S side of each electromagnet 40 belonging to the
central portion facing group 42 is set as the N pole, the
magnetic pole on the processing space S side of each electro-
magnet 40 belonging to the peripheral portion facing group
43 is set as the S pole, and each electromagnet 41 belonging
to the outer portion facing group 44 does not generate mag-
netic flux (comparative comparative 2). A thick dashed line
indicates a case where the magnetic pole on the processing
space S side of each electromagnet 40 belonging to the central
portion facing group 42 is set as the N pole, each electromag-
net 405 belonging to the peripheral portion facing group 43
does not generate magnetic flux, and the magnetic pole on the
processing space S side of each electromagnet 41 belonging
to the outer portion facing group 44 is set as the S pole
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(experimental example 1). A thick solid line indicates a case
where the magnetic pole on the processing space S side of
each electromagnet 40 belonging to the central portion facing
group 42 is set as the N pole, the magnetic pole on the
processing space S side of each electromagnet 40 belonging
to the peripheral portion facing group 43 is set as the S pole,
and the magnetic pole on the processing space S side of each
electromagnet 41 belonging to the outer portion facing group
44 is set as the S pole (experimental example 2).

[0127] It can be seen from the experimental example 1 and
the experimental example 2 shown in the graph of FIG. 10B,
if the magnetic pole on the processing space S side of each
electromagnet 40 belonging to the central portion facing
group 42 is set as the N pole and the magnetic pole on the
processing space S side of each electromagnet 41 belonging
to the outer portion facing group 44 is set as the S pole, it is
possible to obtain a magnetic field B in which the magnetic
field intensity (indicated as the magnetic flux density in this
graph) is maximized at the peripheral portion of the process-
ing space S, specifically, at a slightly outside of the wafer W
in a range of about 150 mm to about 160 mm from the central
portion of the wafer W.

[0128] Further, as shown in the experimental example 1 and
the experimental example 2, the etching rate on the entire
surface of the wafer W is substantially uniform. It is assumed
that this is because the outer portion facing group 44 is pro-
vided at a place where the outer portion facing group 44 does
not face the wafer W, specifically, at an outside of the wafer W.
Accordingly, a magnetic field B having the maximum mag-
netic field intensity at a slightly outside of the wafer W can be
obtained and the plasma density can be substantially uniform
throughout the entire area facing the wafer W in the process-
ing space S.

[0129] Furthermore, in the experimental example 2, the
magnetic field intensity is not smoothly increased from the
central portion of the processing space S (central portion of
the wafer W) to the peripheral portion of the processing space
S (in a range of about 150 mm to about 160 mm from the
central portion of the wafer W), and particularly, forms a
step-shaped portion at an area (in a range of about 70 mm to
about 100 mm from the central portion of the wafer W) facing
the peripheral portion facing group 43. It is assumed that this
is because the magnetic pole on the processing space S side of
each electromagnet 40 belonging to the peripheral portion
facing group 43 and the magnetic pole on the processing
space S side of each electromagnet 41 belonging to the outer
portion facing group 44 have the same polarity S, and the
magnetic flux generated by each electromagnet 40 belonging
to the peripheral portion facing group 43 and the magnetic
flux generated by each electromagnet 41 belonging to the
outer portion facing group 44 offset each other.

[0130] In the substrate processing apparatus 39 in accor-
dance with the present example embodiment, the two kinds of
multiple electromagnets 40 and multiple electromagnets 41
arranged on the top surface 13a of the upper electrode 13 are
divided into the central portion facing group 42 facing the
central portion of the wafer W; the peripheral portion facing
group 43 configured to surround the central portion facing
group 42; and the outer portion facing group 44 which is
arranged on the outside of the peripheral portion facing group
43 without facing the wafer W. Further, the magnetic field B
in which the magnetic field intensity at the peripheral portion
of the processing space S is greater than the magnetic field
intensity at the central portion of the processing space S is
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generated. Thus, it is possible to improve a plasma density
distribution in which the plasma density generated by the
TSV process is higher at the central portion of the processing
space S than at the peripheral portion of the processing space
S.

[0131] Inthe above-described substrate processing appara-
tus 39, the magnetic pole on the processing space S side of
each electromagnet 40 belonging to the central portion facing
group 42 is set as the N pole and the magnetic pole on the
processing space S side of each electromagnet 41 belonging
to the outer portion facing group 44 is set as the S pole.
However, it is possible to generate the magnetic field B in
which the magnetic field intensity at the peripheral portion of
the processing space S is greater than magnetic field intensity
at the central portion of the processing space S as long as the
magnetic pole on the processing space S side of each electro-
magnet 40 belonging to the central portion facing group 42
and the magnetic pole on the processing space S side of each
electromagnet 41 belonging to the outer portion facing group
44 are opposite to each other. Therefore, the magnetic pole on
the processing space S side of each electromagnet 40 belong-
ing to the central portion facing group 42 may be set as the S
pole and the magnetic pole on the processing space S side of
each electromagnet 41 belonging to the outer portion facing
group 44 may be set as the N pole.

[0132] Inthe above-described substrate processing appara-
tus 39, in order to correspond to an inflection point of the
etching rate positioned near about 75 mm from the central
portion of the wafer W as shown in the graph of FIG. 9A, the
central portion facing group 42 includes the electromagnets
40 of which central portions are spaced from the upper elec-
trode central portion C by a distance of about 74.4 mm or less,
and the peripheral portion facing group 43 includes the elec-
tromagnets 40 of which central portions are spaced from the
electrode central portion C by a distance greater than about
74.4 mm. That is, the boundary of the central portion facing
group 42 and the peripheral portion facing group 43 is set to
be about 74.4 mm from the electrode central portion C. How-
ever, the boundary of the central portion facing group 42 and
the peripheral portion facing group 43 can be changed to
obtain the distribution of the magnetic field B that allows the
plasma density distribution in the processing space S to be
optimized.

[0133] Further, the multiple electromagnets 40 do not need
to be divided into the central portion facing group 42 and the
peripheral portion facing group 43. In order to obtain a uni-
form plasma density distribution by overlapping the plasma
density distribution generated by the etching process with the
plasma density distribution generated by the magnetic field B,
it is possible to divide the multiple electromagnets 40 into one
or three or more electromagnet groups and also possible to
obtain a distribution of the magnetic field B that allows the
plasma density distribution in the processing space S to be
optimized.

[0134] Furthermore, the boundary of the central portion
facing group 42 and the peripheral portion facing group 43 or
the number of electromagnet groups can be changed by inten-
sity of the magnetic field B generated by each electromagnet
40 by controlling the value or the direction of the electric
current flowing in the coil 4056 of each electromagnet 40
through the controller and/or by controlling the magnetic pole
of each electromagnet 40.
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[0135] Although the present disclosure has been explained
with reference to the example embodiments above, the
present disclosure is not limited to each of the example
embodiments.

[0136] The present patent application claims the benefit of
priority to Japanese Patent Application No. 2012-008019
filed on Jan. 18, 2012 and incorporated herein by reference in
its entirety.

EXPLANATION OF REFERENCE NUMERALS

[0137] B: Magnetic field
[0138] D: Electron trajectory
[0139] E: Electric field
[0140] S: Processing space
[0141] W: Wafer
[0142] 10, 24, 39: Substrate processing space
[0143] 11: Chamber
[0144] 12: Susceptor
[0145] 13: Upper electrode
[0146] 14: First high frequency power supply
[0147] 16: Second high frequency power supply
[0148] 20, 40, 41: Electromagnet
[0149] 21, 42: Central portion facing group
[0150] 22, 43: Peripheral portion facing group
[0151] 23, 44: Outer portion facing group

We claim:

1. A substrate processing apparatus that generates an elec-
tric field in a processing space between a lower electrode to
which a high frequency power is applied and an upper elec-
trode provided to face the lower electrode, and that performs
a plasma process on a substrate mounted on the lower elec-
trode with plasma generated by the electric field, the substrate
processing apparatus comprising:
multiple electromagnets arranged on a top surface of the
upper electrode opposite to the processing space,

wherein each of the electromagnets is radially arranged
with respect to a central portion of the upper electrode
facing a central portion of the substrate.

2. The substrate processing apparatus of claim 1,

wherein the multiple electromagnets are divided into mul-

tiple electromagnet groups, and in each of the electro-
magnet groups, intensity of a magnetic field generated
by each of the electromagnets and/or a magnetic pole of
each of the electromagnets is controlled.

3. The substrate processing apparatus of claim 1,

wherein the multiple electromagnets are divided into a first

electromagnet group, a second electromagnet group,
and a third electromagnet group,

the first electromagnet group includes the electromagnets

facing the central portion of the substrate, the second
electromagnet group includes the electromagnets facing
a peripheral portion of the substrate, and the third elec-
tromagnet group includes the electromagnets arranged
on an outside of the second electromagnet group with
respect to the central portion of the upper electrode
without facing the substrate, and

magnetic poles on the processing space side of the electro-

magnets belonging to the first electromagnet group are
identical to each other, magnetic poles on the processing
space side of the electromagnets belonging to the second
electromagnet group are identical to each other, and
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magnetic poles on the processing space side of the elec-
tromagnets belonging to the third electromagnet group
are identical to each other.

4. The substrate processing apparatus of claim 3,

wherein the electromagnets belonging to each of the first
electromagnet group and the second electromagnet
group are spaced apart from each other at equal dis-
tances, and the electromagnets belonging to the third
electromagnet group are arranged in a circular ring
shape around the central portion of the upper electrode.

5. The substrate processing apparatus of claim 4,

wherein total magnetic flux generated by the electromag-
nets belonging to the third electromagnet group is about
8 to 12 times greater than total magnetic flux generated
by the electromagnets belonging to each of the first
electromagnet group and the second electromagnet
group.

6. The substrate processing apparatus of claim 1,

wherein intensity of a magnetic field generated by each of
the electromagnets and/or a magnetic pole of each of the
electromagnets are controlled depending on conditions
of the plasma process to be performed on the substrate.

7. A substrate processing apparatus that generates an elec-
tric field in a processing space between a lower electrode to
which a high frequency power is applied and an upper elec-
trode provided to face the lower electrode, and that performs
a plasma process on a substrate mounted on the lower elec-
trode with plasma generated by the electric field, the substrate
processing apparatus comprising:

multiple electromagnets arranged on a top surface of the
upper electrode on the opposite side of the processing
space;

a first high frequency power supply that is configured to
supply a high frequency power having a first high fre-
quency and is connected to the lower electrode; and

a second high frequency power supply that is configured to
supply a high frequency power having a second high
frequency higher than the first high frequency and is
connected to the lower electrode,

wherein when the first high frequency power supply sup-
plies the high frequency power having the first high
frequency, each of the electromagnets does not generate
a magnetic field in the processing space, and

when the second high frequency power supply supplies the
second high frequency power having the second high
frequency, each of the electromagnets generates a mag-
netic field in the processing space.

8. A substrate processing apparatus that generates an elec-
tric field in a processing space between a lower electrode to
which a high frequency power is applied and an upper elec-
trode provided to face the lower electrode, and that performs
a TSV process of forming a through hole in a substrate with
plasma generated from a fluorine-containing gas by the elec-
tric field, the substrate processing apparatus comprising:

multiple electromagnets arranged on a top surface of the
upper electrode on the opposite side of the processing
space,

wherein each of the electromagnets generates a magnetic
field such that intensity of the magnetic field at an area
facing a peripheral portion of the substrate in the pro-
cessing space is greater than that of the magnetic field at
an area facing a central portion of the substrate in the
processing space.
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