
WO 2004/102638 PC17US2004/013707  RI+' PULSING OF A NARROW GAP CAPACITIVELY
COUPLED REACTOR  5 BACKGROUND OF THE INVENTION  1. Field of the Invention
The invention relates to a method and apparatus for providing a structure
on a  semiconductor wafer by etching a layer over a substrate. 2.
Description of the related art 10 In semiconductor plasma etching
applications, a plasma etcher is usually used to  transfer a mask pattern
into a circuit and line pattern of a desired thin film and/or filmstack
(conductors or dielectric insulators) on a wafer. This is achieved by
etching away the films  (and filmstacks) underneath the mask materials in
the opened areas of the mask pattern. This  etching reaction may be
initiated by the chemically active species and electrically charged 15
particles (ions) generated by generating a plasma from a reactant mixture
contained in a  vacuum enclosure also referred to as a reactor or process
chamber. Additionally, the ions may  be also accelerated towards the wafer
materials through an electric field created between the  gas mixture and
the wafer materials, generating a directional removal of the etching
materials  along the direction of the ion trajectory in a manner referred
to as anisotropic etching. At the 20 finish of the etching sequence, the
masking materials may be removed by stripping them  away, leaving in its
place a replica of the lateral pattern of the original intended mask
patterns.  It is known to use in inductively coupled plasma device an RF
power source that is pulsed or modulated. It is believed that such pulsing
allows electron temperature to drop  rapidly during the off portion of the
pulse, which lowers the average electron temperature. 25 During the RF off
period, when the electron temperature drops rapidly, the plasma ion density
decreases at a much slower rate, since ions are more massive than electrons
and therefore  move much slower than electrons. Therefore, this process may
significantly lower the average  electron temperature, while keeping the
average plasma density approximately unchanged.  This may reduce electron
shading effects, reducing electron damage to semiconductor device 



30 features. Such a process may pulse a single RF frequency.  Page 1 WO
2004/102638 PC17US2004/1113707  SUMMARY OF THE INVENTION To achieve the
foregoing and in accordance with the purpose of the present  invention, an
apparatus for providing a plasma etch of a layer over a wafer is provided.
A capacitively coupled process chamber is provided. A gas source is in
fluid 5 connection with the capacitively coupled process chamber. A first
electrode is  provided within the process chamber. A second electrode is
spaced apart and opposite  from the first electrode. A first radio
frequency power source is electrically connected  to at least one of the
first and second electrodes, where the first radio frequency power  source
provides radio frequency power of between 150 kHz and 10 MHz. A second 10
radio frequency power source is electrically connected to at least one of
the first and  second electrodes, wherein the second radio frequency power
source provides a radio  frequency power of between 12 MHz and 200 MHz. A
first modulation control is  connected to the first radio frequency power
source, to provide a. controlled  modulation of the first radio frequency
power source at a frequency of between 1 Id-lz  15 to 100 kHz. In another
embodiment of the invention, an apparatus for providing a plasma  etch of a
layer over a wafer is provided. A capacitively coupled process chamber is
provided. A gas source is in fluid connection with the capacitively coupled
process  chamber. A first electrode is provided within the process chamber.
A second 20 electrode is spaced apart and opposite from the first
electrode, where the second  electrode is spaced apart from the first
electrode forming a gap, and where the wafer is  mountable between the
first and second electrodes and wherein an aspect ratio of a  wafer
diameter to gap size is between 6:1 to 60:1. A first radio frequency power
source for providing a power signal at a first frequency is electrically
connected to at 25 least one of the first and second electrodes. A second
radio frequency power source  



for providing a power signal at a second frequency is electrically
connected to at least  one of the first and second electrodes, where the
first frequency is different than the  second frequency. A first modulation
control is connected to the first radio frequency  power source, to provide
a controlled modulation of the first radio frequency power 30 source at a
frequency of between I kHz to 100 kHz. A second modulation control is
connected to the second radio frequency power source, to provide a
controlled  modulation of the second radio frequency power source at a
frequency of between  about 1 kHz to about 100 lcHz. Page 2 WO 2004/102638
PCT/1JS2004/013707  In another embodiment of the invention, a method for
etching a layer over a wafer is provided. The wafer is placed. in a
capacitively coupled process chamber. An  etching gas is provided into the
process chamber. A capacitively coupled first radio  frequency signal is
provided into the process chamber. The first: radio frequency signal 5 is
modulated. A capacitively coupled second radio frequency signal is provided
into  the process chamber. The second radio frequency signal is modulated.
These and other features of the present invention will be described in more
details below in the detailed description of the invention and in
conjunction with the  following figures. 10 BRIEF DESCRIPTION OF THE
DRAWINGS The present invention is illustrated by way of example, and not by
way of  limitation, in the figures of the accompanying drawings and in
which like reference  numerals refer to similar elements and in which: FIG.
1 is a schematic view of a capacitively coupled process chamber that may
15 be used in the preferred embodiment of the invention. FIG. 2 is a flow
chart of a process that may use a preferred embodiment of the  invention.
FIG. 3 is a graph of concentration ratios of F+ over CF2 versus modulation



frequency. 20 DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS The present
invention will now be described in detail with reference to a few
preferred embodiments thereof as illustrated in the accompanying drawings.
In the  following description, numerous specific details are set forth in
order to provide a 25 thorough understanding of the present invention. It
will be apparent, however, to one  skilled in the art, that the present
invention may be practiced without some or all of  these specific details.
In other instances, well known process steps and/or structures  have not
been described in detail in order to not unnecessarily obscure the present
invention. Page 3 WO 2004/102638 PCT/US2004/013707  During an etching
process, etchant mixture gases dissociate into various species. For
example, using an etch chemistry of C4Fs and 02, the C4Fs may dissociate to
ions of CF2' and  Fi in an etch plasma. F' may tend to etch the
photoresist. Therefore to increase etch  selectivity, it may be desirable
to dissociate C4F8 to yield more CF2' and less F'. Therefore, it 5 would be
desirable to be able to control the ratio of resulting species generated in
a plasma.  FIG. 1 is a schematic view of a capacitively coupled process
chamber 100 that may be used in the preferred embodiment of the invention.
In this embodiment, the  plasma processing chamber 100 comprises
confinement rings 102, an upper electrode  104, a lower electrode 108, a
gas source 110, and an exhaust pump 120. Within 10 plasma processing
chamber 100, the substrate wafer 180 is positioned upon the lower
electrode 108. The lower electrode 108 incorporates a suitable substrate
chucking  mechanism (e.g., electrostatic, mechanical clamping, or the like)
for holding the  substrate wafer 180. A process chamber top 128
incorporates the upper electrode 104  disposed immediately opposite the
lower electrode 108. The upper electrode 104, 15 lower electrode 108, and
confinement rings 102 define the confined plasma volume  



140. Gas is supplied to the confined plasma volume by gas source 110
through a gas  inlet 143 and is exhausted from the confined plasma volume
through the confinement  rings 102 and an exhaust port by the exhaust pump
120. The exhaust pump 120 forms  a gas outlet for the plasma processing
chamber. 20 A first RF source 144 and a second RF source 148 are
electrically connected to  the lower electrode 108. The first RF source 144
provides a radio frequency power  with a frequency between 150 kHz to 10
MHz. Preferably, this frequency is about 2  MHz. The second RF source 148
provides a radio frequency power with a frequency  between 12 MHz and 200
MHz. Preferably, this frequency is about 27 MHz. 25 Preferably, the
frequency from the second RF source 148 is at least ten times the
frequency from the first RF source 144. A first pulse modulator 133 is
controllable  connected to the first RF source 144. The first pulse
modulator 133 is able to  modulate the first RE, source signal at
frequencies between 1 kHz to 100 kHz. A  second pulse modulator 135 is
controllably connected to the second RF source 148. 30 The second pulse
modulator 135 is able to modulate the second RF source signal at
frequencies between 1 kHz to 100 kHz. In this embodiment, the upper
electrode 104  is grounded. A controller 137 may be controllably connected
to the first pulse  modulator 133, the second pulse modulator 135, the
exhaust pump 120, and the gas Page 4 WO 2004/102638 PCf/US2004/013707
source 110_ The controller 137 may also be controllably connected with
other devices,  such as the first and second RF sources 144, 148. Chamber
walls 152 define a plasma  enclosure in which the confinement rings 102,
the upper electrode 104, and the lower  electrode 108 are disposed. 5 In a
preferred embodiment, for processing a 300 mm wafer, the gap between  the
upper and lower electrodes 104, 108 is about 2 cm. Therefore, in this
embodiment  the aspect ratio between the diameter of the wafer 180 to be
processed, which is about  the diameter of the lower electrode 108, to the
distance between the upper electrode  



and the lower electrode is 300 mm : 2 cm, which is, 15:1. Preferably, the
aspect ratio 10 between the diameter of the wafer to be processed and the
electrode gap is between 6:1  to 60:1. More preferably, the aspect ratio is
between 10:1 to 40:1. As a result, this  process chamber has an extremely
narrow gap between electrodes. Such aspect ratios  use gaps that allow a
sheath to be a substantial fraction of the bulk plasma. Preferably,  the
gap between the upper electrode and lower electrode is less than 8 cm. More
15 preferably, the gap between the upper electrode and the lower electrode
is between  about 0.5 and 4 cm. Most preferably, the gap between the upper
electrode and lower  electrode is about 2 cm. FIG. 2 is a flow chart of a
process that may use a preferred embodiment of the  invention. In
operation, a wafer 180 with a patterned mask is placed in the process  20
chamber 100 (step 204). In this embodiment, the wafer 180 is supported by
the lower electrode 108. An etchant gas mixture is provided by the gas
source 110 into the  plasma volume 140 (step 206). In this example, for
etching a dielectric layer over the  wafer and under a photoresist mask an
etchant gas chemistry of Argon, C4Fg, oxygen,  and other component gases
may be used. Modulated first and second RF powers are 25 then provided
(step 208) to create and sustain a plasma formed from the etchant gas.  The
plasma is used to etch the layer tinder the mask (step 210). Without
wishing to be bound by theory, it is believed that modulation of the  RF
power in a capacitively coupled process chamber causes a change in the
sheath of  the plasma. Such a change in some systems may only affect a
small portion of the 30 plasma volume. The inventive process chamber has a
thin plasma volume, defined by  a thin electrode gap and high aspect ratio,
so that the sheath that is affected by the  modulation forms a significant
part of the plasma volume. As a result, the modulation Page 5 WO
2004/102638 PCT/US2004/013707  may be used to independently control species
dissociation and loss to generation ratios  for a significant part of the
plasma volme. 



FIG. 3 is a graph of concentration ratios of F' over CF2+ versus modulation
frequency of the higher frequency RF source. The graph schematically shows
that as  5 the modulation frequency increases the ratio of F+ to CF2+
decreases and that modulation frequency may be used to control the ratio.
This is an example of how the  invention may be used to control the
dissociation ratios of gases in a significant  portion of the plasma
volume. The plasma loss to generation ratio is dependent on various
factors, such as the  10 number of ions and electrons and their energies.
Modulation may be used to change  these various factors. As discussed
above, such modulation may mainly affect the  sheath region. Since the
invention provides a sheath region that is a significant part of  the
volume, the modulation may be used to affect a significant volume of the
plasma. As the volume of the plasma bulk is changed a significant amount,
the 15 generation-loss balance in the plasma is altered. A change in
balance is known to alter  plasma parameters such as electron temperature
(and thereby the plasma species  fragmentation/dissociation). The invention
also provides an added control that may be used to tailor an etch
according to the type of etch. For example, in etching a high aspect ratio
contact, a lot  20 of sheath is desired, to provide higher energy ions for
etching. The pulse modulators would have a modulation frequency favoring a
high sheath potential, even allowing for  increased instantaneous lower
frequency power during the pulse-on than would be  achievable during
continuous-wave operation. If instead a trench is to be etched in a  low-lc
dielectric, ion bombardment should be reduced and therefore the sheath
should 25 be reduced. This may be accomplished by modulating the lower
frequency that  typically controls the wafer sheath, allowing further fine
tuning of low ion energies.  Modulation may also used to change the
percentage of the volume affected by the sheath. Therefore, the invention
is able to provide an extra control, for controlling  etch bias, sheath,
and dissociation chemistry. The controller is able to cause the 30
modulation of the RF power sources to be synchronized or to be modulated  



independently of each other. Page 6 WO 2004/102638 PCT/US2004/013707 hi
other embodiments, other RF power source and electrode arrangements may  be
used. For example, another embodiment may connect the first and. second RF
sources to the upper electrode. Other etching benefits may be found from
the inventive apparatus that has a  5 narrow plasma volume and allows the
modulation of dual RF sources. While this invention has been described in
terms of several preferred  embodiments, there are alterations,
permutations, modifications and various substitute  equivalents, which fall
within the scope of this invention. It should also be noted that  there are
many alternative ways of implementing the methods and apparatuses of the 10
present invention. It is therefore intended that the following appended
claims be  interpreted as including all such alterations, permutations,
modifications, and various  substitute equivalents as fall within the true
spirit and scope of the present invention.  Page 7 CLAIMS  What is claimed
is: 1. An apparatus for providing a plasma etch of a layer over a wafer,
comprising:  a capacitively coupled process chamber; 5 a gas source is in
fluid connection with the capacitively coupled process  chamber; a first
electrode within the process chamber; a second electrode spaced apart and
opposite from the first electrode, wherein  the wafer has a diameter, and
wherein the second electrode is spaced from the first  10 electrode so that
the space between the first electrode and the second electrode has a  ratio
to the diameter of the wafer of between 1:10 to 1:40; a first radio
frequency power source, electrically connected to at least one of  



the first and second electrodes, wherein the first radio frequency power
source  provides radio frequency power of between 150 kHz and 10 MHz; 15 a
second radio frequency power source, electrically connected to at least one
of  the first and second electrodes, wherein the second radio frequency
power source  provides a radio frequency power of between 12 MHz and 200
MHz; and a first modulation control connected to the first radio frequency
power source,  to provide a controlled modulation of the first radio
frequency power source at a 20 frequency of between 1 kHz to 100 kHz. 2.
The apparatus, as recited in claim 1, further comprising a second
modulation  control connected to the second radio frequency power source,
to provide a controlled  modulation of the second radio frequency power
source at a frequency of between  about 1 kHz to about 100 kHz. 25 3. The
apparatus, as recited in any of claims 1-2, wherein the second electrode is
spaced apart from the first electrode by less than 8 cm. Page 8 4. The
apparatus, as recited in any of claims 1-3, wherein the second radio
frequency is greater than ten times the first radio frequency. 5. The
apparatus, as recited in any of claims 1-4, further comprising at least one
confinement ring within the process chamber, wherein the at least one
confinement  5 ring defines a plasma volume. 6. The apparatus, as recited
in any of claims 1-5, further comprising a controller  controllably
connected to the first modulation control and the second modulation
control. 7. An apparatus for providing a plasma etch of a layer over a
wafer, comprising:  10 a capacitively coupled process chamber; a gas source
is in fluid connection with the capacitively coupled process  chamber; a
first electrode within the process chamber; 



a second electrode spaced apart and opposite from the first electrode,
wherein  15 the second electrode is spaced apart from the first electrode
forming a gap, and  wherein the wafer is mountable between the first and
second electrodes and wherein  an aspect ratio of a wafer diameter to gap
size is between 10:1 to 40:1; a first radio frequency power source for
providing a power signal at a first  frequency, electrically connected to
at least one of the first and second electrodes;  20 a second radio
frequency power source for providing a power signal at a second frequency,
electrically connected to at least one of the first and second  electrodes,
wherein the first frequency is different than the second frequency; a first
modulation control connected to the first radio frequency power source,  to
provide a controlled modulation of the first radio frequency power source
at a 25 frequency of between I kHz to 100 kHz; and a second modulation
control connected to the second radio frequency power  Page 9 source, to
provide a controlled modulation of the second radio frequency power  source
at a frequency of between about I kHz to about 100 kHz. 8. The apparatus,
as recited in claim 7, wherein the second electrode is spaced  apart from
the first electrode by less than 8 cm. 5 9. The apparatus, as recited in
any of claims 7-8, wherein the second radio  frequency is greater than ten
times the first radio frequency. 10. The apparatus, as recited in any of
claims 7-9, further comprising at least one  confinement ring within the
process chamber, wherein the at least one confinement  ring defines a
plasma volume. 10 11. The apparatus, as recited in any of claims 7-10,
further comprising a controller  controllably connected to the first
modulation control and the second modulation  control. 12. A method for
etching a layer over a wafer, comprising:  placing the wafer in a
capacitively coupled process chamber;  



15 providing an etching gas into the process chamber; providing a
capacitively coupled first radio frequency signal into the process
chamber; modulating the first radio frequency signal; providing a
capacitively coupled second radio frequency signal into the  20 process
chamber; and modulating the second radio frequency signal, wherein the
modulating the first  frequency modulates the first frequency at a
frequency of between I kHz to 100 kHz,  and wherein the modulating the
second frequency modulates the second frequency at a  frequency of between
1 kHz to 100 kHz. 25 13. The method, as recited in claim 12, wherein the
wafer has a diameter r, and  wherein an electrode is spaced from the wafer
so that the space between the wafer and  Page 10 the electrode has a ratio
to the diameter of the wafer of between 1:10 to 1:40, 14. The method, as
recited in claim 13, wherein the second radio frequency is  greater than
ten times the first radio frequency. 15. A semiconductor device formed by
the method, as recited in any of claims 12- 5 14. Page I 1 


