
METHODS FOR REMOVING BLACK SILICON AND BLACK SILICON
CARBIDE FROM SURFACES OF SILICON AND SILICON CARBIDE
ELECTRODES FOR PLASMA PROCESSING APPARATUSES
BACKGROUND [0001] During the manufacture of
semiconductor-based products, such as integrated
circuits, etching and/or deposition steps are used to
build up or remove layers of material on semiconductor
substrates. A conventional etching procedure energizes
process gas into a plasma state to plasma etch
material on the semiconductor substrate. [0002]
Exposed interior surfaces of plasma processing
chambers can be modified as a result of the plasma
processes that are run within them. Such surface
modification can occur due to the flux of energetic
ions, photons and various neutral atoms and molecules
that are generated by the plasma discharge, as well as
from various reactions attendant in the processing of
semiconductor substrates in the chambers. SUMMARY
[0003] Methods for removing black silicon and black
silicon carbide from surfaces of upper electrodes of
parallel-plate plasma processing apparatuses are
provided. [0004] A preferred embodiment of a method of
removing black silicon or black silicon carbide from a
surface of an electrode of a plasma processing chamber
is provided, which comprises supplying a
fluorine-containing gas composition into a plasma
processing chamber including a lower electrode and an
upper electrode. The upper electrode is of (i) silicon
and includes a plasma-exposed surface having black
silicon on the surface, or (ii) of silicon carbide and
includes a plasma-exposed surface having black silicon
carbide on the surface. As described herein, "black 



silicon" and "black silicon carbide" are formations
that can result from a morphological modification of
the plasma-exposed surface of the electrode during
plasma etch processing of substrates in the processing
chamber. The gas composition is energized to produce
plasma and at least a portion of the black silicon or
black silicon carbide is etched from the
plasma-exposed surface of the upper electrode.[0005]
In another preferred embodiment, at least one
component of a plasma processing apparatus other than
an electrode, which includes a plasma-exposed surface
having black silicon or black silicon carbide on the
surface, can be subjected to plasma cleaning to etch
at least a portion of the black silicon or black
silicon carbide from the plasma-exposed surface.
[0006] In a preferred embodiment, the gas composition
further comprises an oxygen-containing gas and/or an
inert gas. Processing conditions, including the ratio
of the flow rate of fluorine-containing gas to the
flow rate of O2, can be varied to effect isotropic
etching of the plasma exposed surface. [0007] In a
preferred embodiment, the temperature of the upper
electrode can be controlled to a temperature that is
effective to provide for a higher rate of removal of
black silicon or black silicon carbide. BRIEF
DESCRIPTION OF THE DRAWING FIGURES [0008] FIG. 1 is a
micrograph taken using a scanning electron microscope
(SEM) showing a silicon surface having black silicon
on the surface. [0009] FIG. 2 shows a plasma-exposed
surface of a silicon electrode having black silicon on
the surface. [0010] FIG. 3 shows an exemplary
capacitively-coupled plasma processing apparatus that
is suitable for performing embodiments of the cleaning
methods described herein. 



[0011] FIG. 4 shows the difference in height between
pre-clean black silicon features and post-clean black
silicon features versus the fluorine concentration of
the cleaning gas composition used for plasma cleaning.
[0012] FIG. 5 shows the silicon oxide etch rate and
etch rate uniformity at the start, after etching 25,
50, 75 and 100 wafers, respectively, and subsequently
after cleaning the upper electrode of the plasma
processing chamber according to an embodiment of the
methods described herein.DETAILED DESCRIPTION OF
PREFERRED EMBODIMENTS [0013] Parallel-plate plasma
processing chambers include an upper electrode and a
lower electrode. The upper electrode has a bottom
surface, which typically faces a substrate support on
which a semiconductor substrate is supported. These
types of plasma processing chambers can be operated to
plasma etch various materials, such as dielectric
materials provided on semiconductor substrates. During
plasma etching processes, an etching gas is supplied
into the plasma processing chamber and energized by
supplying power to at least one of the electrodes to
produce plasma. The processing conditions are chosen
so that desired features are etched in materials of
the semiconductor substrate. [0014] Parallel-plate
plasma processing chambers can include an upper
electrode composed, for example, of silicon or silicon
carbide. The upper electrode can include a showerhead
electrode including gas injection holes for
distributing gas in the chamber. The upper electrode
can be a one-piece electrode (e.g., a disc-shaped
showerhead electrode with gas injection holes), or a
multi-piece electrode (e.g., an inner disc-shaped
showerhead electrode surrounded by an outer electrode
ring, such as a continuous or segmented ring without
gas injection holes). [0015] It has been determined
that the plasma-exposed bottom surface of the upper
electrode can be morphologically modified by the flux
of energetic ions, 



photons and various neutral atoms and molecules that
are generated by the plasma discharge, and by various
reactions that occur in the processing of
semiconductor substrates. A "morphological change" of
the bottom surface of the upper electrode is
characterized by a change in surface topography, which
is caused by non-uniform removal of material across
the width of the bottom surface (e.g., across the
round bottom surface of a showerhead electrode and/or
the optional outer electrode ring). Such non-uniform
removal of material from the bottom surface results in
different surface regions having different
topographies. The morphologically-modified surface is
characterized by regions that have micro-roughness as
compared to non-modified surface regions.[0016] A
morphological modification of silicon upper electrode
surfaces that is characterized by the presence of
features that can be needle-like, rod-like or conelike
in shape, has been found to result from certain plasma
etching processes and process conditions used in
plasma processing chambers containing the electrodes.
FIG. 1 shows an SEM micrograph of a
morphologically-modified silicon surface including
these features. As shown, the needle-like features are
closely spaced. The features can typically have a
length of from about 10 nm to about 1 mm, and a width
of from about 10 nm to about 1000 nm ( 1 mm). It has
also been determined that the length of the
needle-like features shown in FIG. 1 increases
exponentially with respect to etching time, with the
actual time dependency being dependent on the etch
process conditions used in the processing chamber.
FIG. 2 shows a black silicon formation on a
plasma-exposed bottom surface of a silicon outer
electrode ring of an upper electrode. [0017] Features
like those shown in FIG. 1 have been determined to
form on plasma-exposed silicon upper electrode
surfaces during plasma etching of dielectric
materials, such as low-k dielectric materials, in the
chamber. Exemplary process 



conditions that have been found to be more favorable
to the formation of these features include high N2,
low O2 and low CF flow rates, and moderate RF power
levels used for generating plasma. The
morphologically-modified surface of the upper
electrode can include one or more modified surface
regions, e.g., at least one modified region on the
outer electrode ring and/or at least one modified
region on the showerhead electrode. [0018] The
modified surface morphology that is shown in FIGs. 1
and 2 is commonly referred to as "black silicon."
"Black silicon" can form on a plasmaexposed silicon
surface as a result of the surface being micro-masked
by material deposits formed on the surface during
plasma processing operations. The micromasking can be
on the scale of from about 100 nm to about 100
microns. [0019] While not wishing to be bound by any
particular theory, it is believed that black silicon
formation on the plasma-exposed bottom surface of a
silicon upper electrode occurs as a result of
non-contiguous polymer deposition on the electrode
during plasma processing operations. For example, a
non-contiguous polymerdeposit can form on the bottom
surface of a silicon upper electrode during a main
etching step for etching a dielectric material, such
as a low-k dielectric material layer, on a
semiconductor substrate. The polymer deposits form
three-dimensional, islandlike formations that protect
the underlying silicon surface from etching. Once
needlelike features form, for example, polymer
deposits form preferentially on the needle tips,
thereby accelerating the micro-masking mechanism and
black silicon propagation during etching of successive
substrates. Non-uniform, anisotropic etching (i.e., in
the direction normal to the macroscopic bottom surface
of the upper electrode) of the micro-masked surface
region(s) results in the formation of closelyspaced
features on the bottom surface, such as features
having the shapes shown in FIG. 1. These features can
prevent light from reflecting from the modified
regions of 



the silicon surface, causing those regions to have a
black appearance. [0020] In addition to the formation
of black silicon on plasma-exposed silicon surfaces,
formations of similar needle-like, rod-like or
rod-like features that give modified surface regions a
black appearance can also form on plasma-exposed
surfaces of silicon carbide electrodes. Such modified
regions of a silicon carbide surface are referred to
herein as "black silicon carbide." [0021] It is
undesirable for either black silicon or black silicon
carbide to form on the plasma-exposed surface(s) of an
upper electrode of a parallel-plate (e.g.,
capacitively-coupled) plasma processing chamber
because black silicon and black silicon carbide each
increase the plasma-exposed surface area of the
modified surface. When the extent of the black silicon
or black silicon carbide formation becomes "excessive"
(i.e., the area(s) of the modified surface region(s)
and/or the dimensions of the features reach a certain
level), the black silicon or black silicon carbide can
cause a variation of the etching plasma properties,
resulting in a process shift. Consequently, the plasma
etching rate can shift from wafer-to-wafer and/or
across a wafer surface during single wafer processing
of a batch of wafers in the processing chamber. For
example, it has been found that the etch rate of a
semiconductor substrate can be significantly lower
(e.g., from about 10% to about 20% slower) at the
surface regions of the semiconductor substrate that
are closer to the regions of the electrode at which
black silicon is present. The etch uniformityacross
the wafer surface can also be significantly degraded
by the excessive formation of black silicon or black
silicon carbide. [0022] In light of the
above-described problems that can result from
morphological changes of a plasma-exposed bottom
surface of a silicon or silicon carbide upper
electrode of a parallel-plate, e.g.,
capacitively-coupled, plasma processing chamber, it is
desirable to remove as-formed black silicon or
as-formed black silicon carbide 



from plasma-exposed surfaces of such electrodes before
the extent of the black silicon or black silicon
carbide becomes excessive and causes a process shift.
In other words, preferably the level of black silicon
or black silicon is not allowed to reach an excessive
level. [0023] Methods for cleaning a silicon or
silicon carbide upper electrode, e.g., a showerhead
electrode, or an upper electrode including an inner
showerhead electrode and an outer ring, are provided.
The methods are performed in-situ in a plasma
processing chamber. The upper electrode can have a
one-piece or multipiece construction. The upper
electrode is a previously-used electrode that has been
used during the plasma processing of semiconductor
substrates, e.g., silicon wafers, in the processing
chamber. The used electrode has black silicon or black
silicon carbide on at least the plasma-exposed bottom
surface. The black silicon can be on the bottom
surface of the showerhead electrode and/or the bottom
surface of the outer ring for two-piece upper
electrodes. [0024] It has been determined that once
such black silicon or black silicon carbide formations
become excessive on silicon or silicon carbide upper
electrodes, the cleaning process may not be able to
satisfactorily remove the formations, i.e., by
restoring the etching rate and etching uniformity of
production substrates (wafers) that are subsequently
processed in the processing chamber to desired values,
e.g., production specifications. [0025] In a preferred
embodiment, used electrodes having black silicon or
black silicon carbide formations on at least their
respective bottom surfaces are plasma cleaned to
remove these formations and recover the bottom surface
state of the electrodes. The black. silicon or black
silicon carbide is formed on the upper electrode
during plasma etching of semiconductor substrates in
the plasmaprocessing chamber. The silicon or silicon
carbide upper electrode is preferably 



plasma cleaned before reaching a level of black
silicon or black silicon carbide formation on the
plasma-exposed surface that can cause an undesirable
process shift during the plasma etching of production
wafers using the upper electrode. [0026] More
particularly, preferred embodiments of the methods
comprise plasma cleaning a plasma-exposed bottom
surface of a silicon or silicon carbide upper
electrode of a capacitively-coupled plasma processing
chamber. The plasmaexposed bottom surface of the upper
electrode can be cleaned at a selected time interval,
e.g., hourly, daily or weekly; or after a certain
number of production wafers has been processed in the
chamber while using the upper electrode, e.g., after
each production wafer, or after a certain number of
wafers have been processed in the chamber, e.g., from
2 to up to about 1000 wafers. In addition, plasma
cleaning can be performed after a selected plasma
on-time (RF hours) has been reached. The frequency of
performance and the duration of the plasma cleaning
process each time it is performed can be selected
depending on the rate of formation of the black
silicon or black silicon carbide during semiconductor
substrate etching processes. [0027] The cleaning
methods can be performed to remove a selected amount
of black silicon or black silicon carbide from the
upper electrode. For example, in an embodiment,
substantially the entire black silicon or black
silicon carbide formation on a surface of an upper
electrode can be removed by plasma cleaning. [0028] In
another preferred embodiment, a portion of the black
silicon or black silicon carbide can be removed such
that the extent of the residual black silicon or black
silicon carbide on the electrode surface is below a
level that can cause an undesirable process shift
during the plasma etching of layers, such as
dielectric (e.g., low-k) layers on production wafers
in the chamber using the as-cleaned upper electrode.
The portion of black silicon or black silicon removed
is preferably a major 



portion, i.e., more than 50% of the vertical feature
length (i.e., the feature length, or height, in the
direction perpendicular to the macroscopic bottom
surface of the electrode or a surface of another
silicon or silicon carbide component) of the black
silicon or black silicon carbide formation is removed,
e.g., at least about 60%, 70%, 80%, 90%, 95% or even
100% of the vertical feature length.[0029] For
example, based on the estimated amount of black
silicon or black silicon carbide that has been removed
from the electrode surface (i.e., the estimated change
in the average feature length), and on the estimated
rate of formation of black silicon or black silicon
carbide on the surface during the etching of wafers in
the processing chamber using the electrode, the number
of wafers that can be processed in the chamber using
the as-cleaned upper electrode until an undesirable
process shift occurs can be estimated. [0030] The
cleaning methods are preferably performed with a dummy
wafer positioned in the processing chamber. For
example, a bare silicon wafer, or a wafer covered with
a film, such as a film of silicon oxide or a
photoresist material, can be placed on the substrate
support during the cleaning methods. [0031] The
cleaning methods remove at least a portion of the
morphologicallymodified regions of the bottom surface
of the upper electrode at which black silicon or black
silicon carbide is formed. Particularly, the cleaning
is effective to remove at least a portion of the
length of the features that give the electrode a black
silicon or black silicon carbide appearance. The
etching methods can also remove other
morphologically-modified regions of the bottom surface
of the upper electrode resulting from the flux of
energetic ions, photons and neutral atoms and
molecules that are generated by the plasma discharge,
by the interaction of the bottom surface with chemical
reactants present in the plasma processing chamber
during plasma processing operations. Polymer deposits
on the surface can also be removed. 



[0032] In a preferred embodiment, the plasma-exposed
bottom surface of the silicon or silicon carbide upper
electrode is etched by energizing a suitable
fluorinecontaining gas composition into the plasma
state. Preferably, the gas composition comprises at
least one fluorocarbon, hydrofluorocarbon, or mixtures
thereof. For example, the gas composition can comprise
CHXF4-X (e.g., CF4, CHF3, CH2F2 or CH3F), C2HxF6-X
(e.g., C2F6 or C2H2F4), C2HXF4-X (e.g., C2F4) , C3F6,
C3F8, C4F6, C4F8, CsF8, NF3, or mixtures thereof.
Preferably, the gas composition comprises CF4 or NF3.
[0033] The cleaning gas composition preferably
contains at least one additional gas. The additional
gas is preferably O2. In other embodiments, the
additional gascan be at least one noble gas (e.g.,
helium, argon or neon). In a preferred embodiment, the
gas composition contains CF4 and O2, CF4 and a noble
gas (e.g., argon), NF3 and O2, or NF3 and a noble gas.
In such gas compositions, the fluorinecontaining gas
can make up any suitable portion of the total gas
composition, including a minor portion (i.e., less
than 50% of the total gas composition flow), an equal
portion, or a major portion (i.e., more than 50% of
the total gas composition flow). Generally, increasing
the portion of the fluorine-containing gas in the gas
composition increases the fluorine concentration of
the gas composition, up to a fluorocarbon
concentration of about 50%. [0034] Increasing the
fluorine concentration of the cleaning gas composition
can increase the efficiency of removal of black
silicon from the plasma-exposed bottom surface of the
upper electrode. The fluorine concentration of the
cleaning gas composition can also be increased by
increasing the total flow of the cleaning gas
composition. For example, at a given chamber pressure,
the fluorine concentration can be increased by
changing the flows rates of CF4 (or NF3) and O2 from
125 seem CF4:125 seem O2 to, e.g., 500 seem CF4:500
seem O2 or 1000 seem CF4:1000 seem 



O2. Other flow ratios of the fluorine-containing gas
to O2 or another gas can be used. The fluorine
concentration can also be increased by increasing the
chamber pressure. [0035] Processing conditions that
can produce a high etch rate of black silicon (or
black silicon carbide) do not necessarily provide
optimal results with respect to black silicon removal.
That is, a high silicon etch rate can be achieved
under anisotropic etching conditions (i.e., etching in
a direction perpendicular to the macroscopic surface
of the component, e.g., an upper electrode). However,
anisoptropic etching is not optimal for etching black
silicon features (or black silicon carbide features)
across the width of the bottom surface of an
electrode. Rather, black silicon (or black silicon
carbide) etching efficiency is achieved when the
etching is isotropic and the etch rate is preferably
suitably high. It has been determined that etching
efficiency can be achieved by increasing the
concentration of fluorine free radicals in the
plasma.[0036] The flow ratio of the
fluorine-containing gas with respect to the other
gas(es) in the cleaning gas composition is preferably
selected to provide a sufficiently high concentration
of the fluorine free radicals in the plasma to achieve
isotropic etching of silicon or silicon carbide, and
preferably also to provide a suitably high etching
rate. For example, for a CF4 2 cleaning gas
composition, the flow ratio of CF4:O2 is preferably
from about 1:10 to about 5:1 , more preferably from
about 1:5 to about 2:1 . For an NF3/O2 cleaning gas
composition, the flow ratio of NF3:O2 is preferably
from about 1:10 to about 5:1 , more preferably from
about 1:5 to about 2:1 . Increasing the total flow of
the cleaning gas composition increases the amount of
unreacted reagent that is available for etching. The
CF4 2 flow ratio or the NF3/O2 flow ratio is optimized
when an increased amount of F is available in the
atomic state. The NF3 D2 flow ratio or the NF3/Ar flow
ratio is optimized when the F in the 



atomic state is diluted to limit F-F recombination to
form F2. It has been determined that black silicon
features having a length of about 500 nm can typically
be substantially removed in about 5 minutes of plasma
cleaning. Silicon can typically be etched at rates of
from about 50 nm to about 300 nm per minute by the
in-situ plasma assisted cleaning method. [0037] The
total flow of the cleaning gas composition can
typically range from about 250 seem to about 2000
seem. The chamber pressure can typically range from
about 20 mT to about 1000 mT during the cleaning
process. The chamber pressure can be adjusted by
regulating the position of an optional plasma
confinement ring assembly in the processing chamber.
Exemplary confinement ring assemblies that can be used
are described in commonly-assigned U.S. Patent Nos.
5,534,751 ; 5,998,932 and 6,527,91 1, each of which is
incorporated herein by reference in its entirety. The
chamber pressure also can be adjusted by controlling
the position of a valve, e.g., a throttle valve,
located close to a pump, e.g., a turbomolecular pump
of the apparatus. [0038] The upper electrode is
preferably at a temperature of from about 200C to
about 2000C, more preferably at an elevated
temperature of from about 100C to about 2000C during
the cleaning process. It has been determined that
increasing the electrode temperature within this range
can increase the cleaning efficiency of theelectrode
in terms of the magnitude of the decrease in average
length of the features of black silicon on the
plasma-exposed bottom surface. The upper electrode
temperature can be controlled in embodiments of the
plasma processing chamber that include a showerhead
electrode assembly having heating and cooling
capabilities. In other embodiments, heat from the
electrode caused by ion bombardment can be removed by
a heat sink, e.g., one or more metallic plates and/or
a temperature-controlled mounting plate, provided in
the electrode assembly. 



[0039] The upper electrode cleaning process is
preferably conducted for a sufficient length of time
to remove a sufficient thickness from the entire
plasmaexposed bottom surface of the upper electrode so
that any residual morphologicallymodified region(s) on
the plasma-exposed bottom surface after cleaning
is/are preferably below a level of black silicon or
black silicon carbide that can cause an undesirable
process shift during the plasma etching of production
wafers in the chamber using the as-cleaned upper
electrode. [0040] The cleaning methods may introduce a
shift in the etch rate performance of the plasma
processing chamber. When this occurs, to enhance
recovery of the etch rate and etching uniformity
performance after cleaning the upper electrode, the
plasma processing chamber can optionally be plasma
conditioned after the electrode has been cleaned.
Depending on the process conditions that are used, the
plasma conditioning is capable of removing residual
black silicon or black silicon carbide from the upper
electrode after the cleaning step has been performed.
For example, the plasma chamber conditioning step can
generate plasma from a gas composition that contains a
fluorine-containing gas, oxygen and a noble gas, such
as argon. The fluorine-containing gas can be, for
example, C4Fs, and the oxygen-containing gas is
preferably O2. The following exemplary approximate
process conditions can be used for performing the
conditioning step: chamber pressure of 100 mT/2000 W
at 27 MHz and 3000 W at 2 MHz applied to lower
electrode/20 seem C4F8/20 seem O2/250 seem argon/120 s
plasma conditioning. [0041] In an embodiment, an
optional waferless auto clean process can be performed
after each production wafer has been etched in the
plasma processing chamber, or after two or more (e.g.,
2, 5 or 10) production wafers have been etched.The
wafer-less auto clean process generates an oxygen
plasma effective to remove various deposited materials
from plasma-exposed interior surfaces of the chamber. 



The oxygen plasma is preferably formed by energizing a
gas composition containing O2 with no production wafer
(i.e., a wafer that is processed to produce a
semiconductor-based product) being present in the
plasma processing chamber. [0042] In another preferred
embodiment, at least one component of a plasma
processing apparatus other than an electrode, which is
of silicon or silicon carbide and includes a
plasma-exposed surface having black silicon or black
silicon carbide, respectively, on the surface, can be
subjected to plasma cleaning to remove at least a
portion of the black silicon or black silicon carbide
from the plasma-exposed surface. For example, the
component can be one or more edge/focus rings of
silicon or silicon carbide for the substrate support
that supports a semiconductor substrate. [0043] FIG. 3
depicts an exemplary plasma processing apparatus 100
that can be used to practice preferred embodiments of
the methods described herein. The plasma processing
apparatus 100 comprises a capacitively-coupled plasma
processing chamber 102, which can generate a
medium-density plasma. The plasma processing chamber
102 includes a chamber wall 103. The chamber wall 103
can optionally be coated with a suitable
wear-resistant material, such as a plasma-sprayed
ceramic material. To provide an electrical path to
ground, the chamber wall 103 can be made of aluminum
or the like, which is electrically grounded. The
plasma processing chamber 102 includes a wafer
transfer slot 118 provided in the chamber wall 103 to
transfer semiconductor substrates into and out of the
plasma processing chamber 102. [0044] The plasma
processing chamber 102 includes an upper electrode 104
having a bottom surface 108. The bottom surface 108 is
preferably flat with an optional step, as described,
for example, in commonly-assigned U.S. Patent No.
6,391 ,787, which is incorporated herein by reference
in its entirety. The upper 



electrode 104 can be a single-piece electrode or a
multi-piece electrode. For example, the upper
electrode 104 can have a single-piece construction
including a showerhead electrode plate, or it can
include a showerhead electrode plate and an outer
electrode ring. In such later embodiments, both the
showerhead electrodeplate and the outer electrode ring
can be optionally backed by a plate of graphite bonded
thereto by a bonding material, such as an elastomer
material. The upper electrode 104 can be sized to
process 200 mm wafers or 300 mm wafers, for example.
The upper electrode (including the outer electrode
ring in multi-piece constructions) can be of silicon
(e.g., single crystalline silicon, polycrystalline
silicon or amorphous silicon) or silicon carbide. The
apparatus 100 includes a gas source (not shown) for
supplying process gas to the upper electrode 104. The
upper electrode 104 is preferably powered by an RF
power source 106 via a matching network. In another
embodiment, the upper electrode 104 can be grounded to
provide a return path for power supplied by a bottom
electrode of the plasma processing chamber 102, as
described below. [0045] In the embodiment of the
apparatus 100 shown in FIG. 3, process gas is supplied
into the plasma processing chamber 102 at the plasma
region developed between the upper electrode 104 and a
semiconductor substrate 10, e.g., a semiconductor
wafer, supported on a substrate support 111. The
substrate support 111 preferably includes an
electrostatic chuck 114 that secures the semiconductor
substrate 10 on the substrate support by an
electrostatic clamping force. The electrostatic chuck
114 acts as a bottom electrode and is preferably
biased by an RF power source 116 (typically via a
matching network). The upper surface 115 of the
electrostatic chuck 114 preferably has approximately
the same diameter as the semiconductor substrate 10.
[0046] A vacuum pump (not shown) is adapted to
maintain a desired vacuum 



pressure inside the plasma processing chamber 102. Gas
is drawn by the pump generally in the direction
represented by arrows 110. [0047] An exemplary
parallel-plate plasma reactor that can be used is a
dualfrequency plasma etch reactor (see, e.g.,
commonly-assigned U.S. Patent No. 6,090,304, which is
hereby incorporated by reference in its entirety). In
such reactors, etching gas can be supplied to a
showerhead electrode from a gas supply and a plasma
can be generated in the reactor by supplying RF energy
from two RF sources to the showerhead electrode and/or
a bottom electrode, or the showerheadelectrode can be
electrically grounded and RF energy at two different
frequencies can be supplied to the bottom electrode.
[0048] Example 1 [0049] Four silicon upper electrodes,
which had coupons of (100) silicon electrically and
thermally bonded to their respective bottom surfaces
at different locations, were used for plasma etching
of wafers. The bottom surfaces of the electrodes and
the coupons had black silicon formations on them.
Then, the used electrodes were plasma cleaned in a
parallel-plate plasma processing chamber. A dummy
wafer was placed on a substrate support during the
plasma cleaning. [0050] The process conditions that
were used for plasma cleaning the electrodes are shown
in Table 1. For each electrode, the plasma cleaning
process used a gas composition containing CF4 and O2
and having a CF4 flow rate of 200 seem, a cleaning
time of 60 seconds, and an electrode temperature of
about 2O0C. The chamber pressure, applied lower
electrode power and frequency levels, O2 flow rate,
and/or the CF4 flow rate ratios were varied for the
cleaning processes. [0051] For the silicon coupons,
the pre-clean black silicon average feature lengths
were assumed to have the same estimated value for each
electrode. This same estimated length was based on the
electrodes each having been subjected to 



approximately the same plasma etching conditions
during which black silicon formed on the coupons and
on the electrodes. For each electrode, the post-clean
black silicon feature lengths were determined by
analyzing the associated coupons using scanning
electron microscopy (SEM). As shown in Table 1, the
largest difference between the pre-clean and
post-clean average black silicon feature length was
found for sample no. 1, which was cleaned using a
CF4/O2 flow ratio of 1:2.Table 1 [0052] Example 2
[0053] In Example 2, five silicon upper electrodes,
which had coupons of (100) silicon electrically and
thermally bonded to their respective bottom surface at
different locations, were used for plasma etching of
wafers. The bottom surfaces of the electrode and the
coupons had black silicon on them. Then, the used
electrodes were plasma cleaned in a parallel-plate
plasma processing chamber. A dummy wafer was placed on
a substrate support during the cleaning processes.
[0054] The processing conditions used for plasma
cleaning the electrodes are shown in Table 2. For each
electrode, the plasma cleaning process used a cleaning
gas composition of CF4 and O2 having a CF4 flow rate
of 200 seem, a cleaning time of 5 minutes, and an
electrode temperature of about 200C. The chamber
pressure, power and frequency levels applied to the
lower electrode, and/or the CF4 O flow rate ratios
were varied for cleaning the electrodes. [0055] For
the silicon coupons, the pre-clean black silicon
average feature lengths were assumed to have the same
estimated values for each of the electrodes, as
described above with respect to Example 1. The
post-clean black silicon feature lengths were
determined for the coupons provided on electrode
sample nos. 6 and 7 by SEM. No black silicon was
observed on sample nos. 5, 8 and 9. It was determined
that the process conditions used for sample no. 5,
including a CF4/O2flow ratio of 1:2, provided the most
desirable combination of isotropic etching and 



black silicon etch rate, based on this sample having a
flatter as-cleaned coupon profile. Table 2 [0056]
Example 3 [0057] In Example 3, four silicon upper
electrodes were used for plasma etching of wafers and
then plasma cleaned in a parallel-plate plasma
processing chamber to determine the effect of the
fluorine concentration of the cleaning gas on the
efficiency of removal of black silicon from the
electrodes. Each of electrodes had coupons of (100)
silicon electrically and thermally bonded to the
bottom surface at different locations. The bottom
surfaces of the electrode and the coupons had black
silicon formations on them. A dummy wafer was placed
on a substrate support during the cleaning processes.
[0058] The process conditions that were used for
plasma cleaning the electrodes are shown in Table 3 .
The same cleaning time and electrode temperature were
used for each electrode. Different chamber pressures,
applied lower electrodepower and frequency levels, CF4
flow rates, O2 flow rates, and/or the CF4:q 2 flow
rate ratios were used. For sample nos. 10 and 12, the
cleaning gas composition contained argon to allow a
determination of the fluorine concentration from
optical emission using the method of actimetry. [0059]
The test results for Example 3 are given in Table 3 .
As shown, the largest difference between the pre-clean
and post-clean average black silicon feature length
was achieved for sample no. 12, which was cleaned
using a CF4/O2 flow ratio of 1:2. [0060] The length
difference between the pre-clean black silicon
features and the post-clean black silicon features
versus the fluorine concentration of the cleaning gas
composition is shown in FIG. 4. Table 3[0061] Example
4 



[0062] In Example 4, three different silicon upper
electrodes that had been used for plasma etching of
wafers were plasma cleaned in a parallel-plate plasma
processing chamber using the same process conditions
except for a different upper electrode temperature.
For each of the electrodes, coupons of ( 100) silicon
were electrically and thermally bonded to the bottom
surface at different locations. The bottom surfaces of
the electrode and the coupons had black silicon
formations on them. [0063] The three electrodes were
plasma cleaned using the following process conditions:
chamber pressure of 600 mT/lower electrode first power
level/first frequency of 2500 watts and 27 MHz/ lower
electrode second power level/second frequency of 1000
watts and 2 MHz/CF4 flow of 200 sccm/0 2 flow of 400
sccm/cleaning time of 60 sec. The electrode
temperatures were about 200C, about 80 C and about
1050C for the respective electrodes during cleaning.
For the temperatures of 200C, 8O0C and 105C, the black
silicon average feature length was decreased by about
100 nm, about 105 nm and about 140 nm, respectively.
These results demonstrate that the electrode cleaning
efficiency can be improved by increasing the electrode
temperature to at least about 100C. [0064] Example 5
[0065] In Example 5, 100 wafers each including a low-k
silicon oxide layer were subjected to an etch step in
a parallel-plate plasma processing chamber using a
silicon upper electrode. After the 100 wafers had been
processed, the silicon upper electrode was cleaned
using the following process conditions: chamber
pressure of 600 mT/lower electrode first power
level/first frequency of 2500 watts and 27 MHz/ lower
electrode second power level/second frequency of 1000
watts and 2 MHz/CF4 flow of 200 sccm/O2 flow of 400
sccm/cleaning time of 15 minutes. As shown in FIG. 



5, the silicon oxide etch rate and etch rate %
uniformity (3 sigma) were determined at the start,
after 25, 50, 75 and 100 wafers, respectively, were
etched, and after cleaning of the upper electrode
following the etching of all 100 wafers. The test
results demonstrate that both the upper electrode
bottom surface condition and thesilicon oxide etch
rate can be recovered by cleaning the upper electrode
according to an embodiment of the methods described
herein. [0066] Example 6 [0067] In Example 6, a first
silicon upper electrode including black silicon having
an average feature length of about 500 nm was plasma
cleaned using the following process conditions:
chamber pressure of 200 mT/lower electrode first power
level/first frequency of 2500 watts and 27 MHz/ lower
electrode second power level/second frequency of 1000
watts and 2 MHz/CF4 flow of 200 sccm/O 2 flow of 400
sccm/electrode temperature of 20C/cleaning time of 30
sec. The post-clean black silicon average feature
length was about 460 nm. A second silicon upper
electrode including black silicon having an average
feature length of about 430 nm was plasma cleaned
using the following process conditions: chamber
pressure of 200 mT/lower electrode first power
level/first frequency of 2500 watts and 27 MHz/ lower
electrode second power level/second frequency of 1000
watts and 2 MHzZNF3 flow of 200 sccm/0 2 flow of 400
sccm/cleaning time of 30 sec. The post-clean average
feature length was about 360 nm. These test results
demonstrate that CF4/q 2 and NF3AI)2 gas mixtures are
both effective for removing black silicon, with an
NF3/O2 gas mixture being even more effective. [0068]
The foregoing has described the principles, preferred
embodiments and modes of operation of the present
invention. However, the invention should not be
construed as being limited to the particular
embodiments discussed. Thus, the above-described
embodiments should be regarded as illustrative rather
than 



restrictive, and it should be appreciated that
variations may be made in those embodiments by workers
skilled in the art without departing from the scope of
the present invention as defined by the following
claims.WHAT IS CLAIMED IS: 1. A method of removing
black silicon or black silicon carbide from a surface
of a used electrode of a plasma processing chamber,
the method comprising: supplying a fluorine-containing
gas composition into a plasma processing chamber
including a lower electrode and an upper electrode,
the upper electrode being of (i) silicon and including
a plasma-exposed surface having black silicon on the
surface, or (ii) of silicon carbide and including a
plasma-exposed surface having black silicon carbide on
the surface; energizing the gas composition to produce
plasma; and etching at least a portion of the black
silicon or black silicon carbide from the
plasma-exposed surface of the upper electrode. 2. The
method of Claim 1, wherein the upper electrode
includes a showerhead electrode and a segmented outer
electrode ring each made of single crystal silicon,
polycrystalline silicon or amorphous silicon. 3. The
method of Claim 1, wherein the fluorine containing gas
is selected from the group consisting of CF4, CHF3,
CH2F2, CH3F, C2F6, C2H2F4, C2F4, C3F6, C3F8, C4F6,
C4F8, C5F8, NF3, or mixtures thereof. 4. The method of
Claim 1, wherein the gas composition consists
essentially of CF4 and O2 or of NF3 and O2. 5. The
method of Claim 1, wherein: the gas composition
consists essentially of CF4 and O2, and the ratio of
the flow rate of CF to the flow rate of O2 is from
about 1:10 to about 5:1 ; or 



the gas composition consists essentially of NF3 and
O2, and the ratio of the flow rate of NF3 to the flow
rate of O2 is from about 1:10 to about 5:1 ;6. The
method of Claim 5, wherein the ratio of the flow rate
of CF4 to the flow rate of O2, or the ratio of the
flow rate of NF3 to the flow rate of O2, is from about
1:5 to about 2:1 . 7. The method of Claim 6, wherein
the total flow of the gas composition is from about
250 seem to about 2000 seem, and the plasma processing
chamber is at a pressure of from about 20 mTorr to
about 1000 mTorr. 8. The method of Claim 1, wherein
the gas composition is energized by supplying two
different power levels at two different frequencies to
the lower electrode while grounding the upper
electrode. 9. The method of Claim 1, wherein the
plasma-exposed surface of the upper electrode is
isotropically etched. 10. The method of Claim 1,
wherein the temperature of the upper electrode is from
about 500C to about 2000C during the etching. 11. The
method of Claim 1, further comprising: plasma etching
a plurality of semiconductor substrates including a
low-k dielectric layer in the plasma processing
chamber, wherein the black silicon or black silicon
carbide is formed on the plasma-exposed surface of the
upper electrode during plasma etching of the low-k
dielectric layers. 12. The method of Claim 1, wherein
the etching removes a depth of from about 50 nm to
about 500 nm from the plasma-exposed surface of the
upper electrode. 13. The method of Claim 1, further
comprising etching black silicon from a silicon
component, or removing black silicon carbide from a
silicon carbide component, in addition to the upper
electrode, in the plasma processing chamber.14. A
method of removing black silicon from a surface of a
used electrode 



of a capacitively-coupled plasma processing chamber,
the method comprising: supplying a gas composition
comprising CF4 and O2 or NF3 and O2 into a plasma
processing chamber at (i) a ratio of the flow rate of
CF4 to the flow rate of O2 or (ii) a ratio of the flow
rate of NF3 to the flow rate of O2 of from about 1:10
to about 5:1 , the plasma processing chamber including
a lower electrode and an upper electrode of silicon
having a plasma-exposed surface with black silicon on
the surface; energizing the gas composition to produce
a plasma; and isotropically etching at least a portion
of the black silicon from the plasmaexposed surface of
the upper electrode. 15. The method of Claim 14,
comprising removing a depth of from about 50 nm to
about 500 nm from the plasma-exposed surface of the
upper electrode. 16. The method of Claim 14, wherein
the upper electrode includes a showerhead electrode
and an outer electrode ring each made of single
crystal silicon, polycrystalline silicon or amorphous
silicon. 17. The method of Claim 14, wherein the
temperature of the upper electrode is from about 500C
to about 2000C during the etching. 18. The method of
Claim 14, wherein the ratio of the flow rate of CF4 to
the flow rate of O2, or the ratio of the flow rate of
NF3 to the flow rate of O2, is from about 1:5 to about
2:1 . 19. The method of Claim 18, wherein the total
flow of the gas composition is from about 250 seem to
about 2000 seem, and the plasma processing chamber is
at a pressure of from about 20 mTorr to about 1000
mTorr.20. The method of Claim 14, wherein the gas
composition is energized by supplying two different
power levels at two different frequencies to the lower
electrode while grounding the upper electrode. 


