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(57) Abstract: A method is provided, including the following method opera-
tions: generating a deuterium plasma, the deuterium plasma including a plural-
ity of energetic deuterium atoms; and directing one or more of the plurality of
energetic deuterium atoms to a surface of a substrate, the surface of the sub-
strate having a region of silicon dioxide, the region of silicon dioxide having an
underlying silicon layer; wherein the one or more of the plurality of energetic
deuterium atoms selectively etch the region of silicon oxide, to the exclusion of
the underlying silicon layer.
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SELECTIVE SILICON DIOXIDE REMOVAL USING LOW
PRESSURE LOW BIAS DEUTERIUM PLASMA

FIELD OF THE INVENTION

[1] Implementations of the present disclosure relate to removal of silicon dioxide on

top of silicon selectively using low pressure low bias deuterium plasmas.

DESCRIPTION OF THE RELATED ART

[2] As technology continues to progress and greater electronic device performance
is sought, so the feature sizes of semiconductor devices continues to shrink. In coming
years, future process technology nodes are contemplated to be at or below about Snm.

However, at such feature sizes, the dimensions are nearing the atomic level.

[3] For example, a single SiO, (silicon dioxide) molecule is roughly 0.3 nm in
diameter, so at a 3nm process technology node, there may be only about 10 molecules
thickness of SiO, in a 3 nm feature. Thus, as feature dimensions are progressing towards
the atomic level, etching processes will need to be extremely precise, as there will not be
much latitude with respect to material being preserved or etched. There may be only
about 10 monolayers of SiO2 in a 3 nm feature, and this may need to be precisely etched

while preserving the underlying material (e.g. a silicon underlying layer).

[4] There are several scenarios where it is desirable to selectively etch Si0, while
preserving underlying silicon. For example, in a fin field-effect transistor (FinFET), the
gate structure may include a layer of hafnium dioxide (e.g. about 1.5 nm thickness), over
a layer of silicon dioxide (e.g. of about 0.5 nm thickness), over a silicon fin. With a
silicon dioxide thickness of just 0.5nm, there may be only two layers of silicon, and thus
it is important to be able to selectively etch the SiO, while protecting the underlying
silicon fin. Such an etch process needs to be able to stop when the underlying silicon is

reached.

[5] As another example, in the formation of a shallow trench insulator (STI), there
may be silicon and silicon dioxide portions. Again, when processing it can be desirable to
protect silicon during etching of silicon dioxide, and stop etching at silicon. Thus, a
challenge facing the industry in moving to a Snm or less (e.g. 3 nm) process node, is how

to enable etching of silicon dioxide while protecting silicon, for very small features. The
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selectivity of the etching process needs to be very high.

[6] Current technologies for removal of SiO; above Si may employ fluorocarbon
chemistry (e.g. CF, type plasma chemistries such as C4Fg plasma) that produce SiF,; and
COF,. However, such processes produce large quantities of polymers (e.g. SiC,Fy). While
these polymers may protect silicon by forming a passivation layer, they are not ideal
because they add a couple of monolayers on the surface. Furthermore, fluorocarbon-based
plasma processes typically require high energy to remove SiO,. This means that while
they may effectively remove SiO,, the high energy renders them prone to removing the
underlying Si as well. Thus, current technologies of this type are not suitable for future

(e.g. 3nm) technology nodes.

[7] It is in this context that implementations of the disclosure arise.
SUMMARY
[8] Implementations of the present disclosure include methods and systems for

removal of silicon dioxide on top of silicon selectively using low pressure low bias

deuterium plasmas.

9] In some implementations, a method is provided, including the following method
operations: generating a deuterium plasma, wherein generating the deuterium plasma is
configured to generate energetic deuterium atoms; applying the deuterium plasma to a
surface of a substrate, the surface of the substrate having a region of silicon dioxide, the
region of silicon dioxide having an underlying silicon layer; wherein the energetic
deuterium atoms of the deuterium plasma are configured to selectively etch the region of

silicon oxide, to the exclusion of the underlying silicon layer.

[10] In some implementations, at least some of the energetic deuterium atoms are

generated from vibrational excitation during electron impact in the deuterium plasma.

[11] In some implementations, at least some of the energetic deuterium atoms are

generated from charge exchange collisions in the deuterium plasma.

[12] In some implementations, the energetic deuterium atoms are generated with

approximately 0.15 eV to 30eV energy,

[13] In some implementations, generating the deuterium plasma includes introducing

a deuterium gas into a process chamber in which the substrate is disposed, and



10

15

20

25

30

WO 2020/186087 PCT/US2020/022445

inductively coupling power into the deuterium gas in the process chamber.

[14] In some implementations, generating and applying the deuterium plasma is

performed in the process chamber at a pressure of approximately 1 to 50 mTorr.

[15] In some implementations, inductively coupling power into the deuterium gas in
the process chamber includes applying power to an RF coil at approximately 50 to 5000
Watts.

[16] In some implementations, applying the deuterium plasma to the surface of the

substrate includes applying a bias power of approximately 5 to 100 Watts.

[17] In some implementations, a method is provided, including the following method
operations: generating a deuterium plasma, wherein generating the deuterium plasma is
configured to generate energetic deuterium atoms; applying the deuterium plasma to a
surface of a substrate, the surface of the substrate having a region of silicon dioxide, the
region of silicon dioxide having an underlying silicon layer; wherein applying the
deuterium plasma to the surface of the substrate includes applying a bias power of
approximately 5 to 100 Watts; wherein generating and applying the deuterium plasma is
performed in the process chamber at a pressure of approximately 1 to 50 mTorr; wherein
the energetic deuterium atoms of the deuterium plasma are configured to selectively etch

the region of silicon oxide, to the exclusion of the underlying silicon layer.

[18] In some implementations, the energetic deuterium atoms are generated from
vibrational excitation during electron impact or charge exchange collisions in the

deuterium plasma.

[19] In some implementations, the energetic deuterium atoms are generated with

approximately 0.15 eV to 30eV energy,

[20] In some implementations, generating the deuterium plasma includes introducing
a deuterium gas into a process chamber in which the substrate is disposed, and

inductively coupling power into the deuterium gas in the process chamber.

[21] In some implementations, inductively coupling power into the deuterium gas in
the process chamber includes applying power to an RF coil at approximately 50 to 5000
Watts.

[22] In some implementations, a system is provided, including the following: a
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process chamber, the process chamber configured to receive a substrate for processing, a
surface of the substrate having a region of silicon dioxide, the region of silicon dioxide
having an underlying silicon layer; a deuterium source for supplying a deuterium gas into
the process chamber; an RF coil for inductively coupling power into the deuterium gas in
the process chamber, to generate a deuterium plasma, wherein the deuterium plasma is
configured to generate energetic deuterium atoms; wherein the deuterium plasma is
applied to the surface of the substrate, wherein the energetic deuterium atoms of the
deuterium plasma are configured to selectively etch the region of silicon oxide, to the

exclusion of the underlying silicon layer.

[23] In some implementations, at least some of the energetic deuterium atoms are

generated from vibrational excitation during electron impact in the deuterium plasma.

[24] In some implementations, at least some of the energetic deuterium atoms are

generated from charge exchange collisions in the deuterium plasma.

[25] In some implementations, the energetic deuterium atoms are generated with 0.15

eV to 30eV energy.

[26] In some implementations, the system further includes, a vacuum source

configured to maintain the process chamber at a pressure of approximately 1 to 50 mTorr.

[27] In some implementations, the system further includes, an RF power source

configured to apply RF power to the RF coil at approximately 50 to 5000 Watts.

[28] In some implementations, the system further includes, a chuck, disposed in the
process chamber and configured to support the substrate; an RF power source configured

to apply a bias power to the chuck of approximately 5 to 100 Watts.

[29] It will be appreciated that the foregoing represents a summary of certain non-
limiting implementations of the disclosure. Additional implementations will be apparent

to those skilled in the art in accordance with the scope of the present disclosure.
BRIEF DESCRIPTION OF THE DRAWINGS

[30] Figure 1 is a graph conceptually illustrating potential energy versus

intermolecular distance for a deuterium molecule Ds.

[31] Figure 2 is a graph illustrating deuterium flux versus energy (eV), in accordance

with implementations of the disclosure.



10

15

20

25

30

WO 2020/186087 PCT/US2020/022445

[32] Figures 3A, 3B, 3C, and 3D conceptually illustrate a series of reactions through
which energetic deuterium achieves etching of the surface of a substrate, in accordance

with implementations of the disclosure.

[33] Figures 4A, 4B, and 4C conceptually illustrate selective etching of SiO, from a

substrate surface, in accordance with implementations of the disclosure.

[34] Figure 5 illustrates an example ICP deposition system, in accordance with

implementations of the disclosure.

[35] Figure 6 shows a control module for controlling the systems described above, in

accordance with implementations of the disclosure.

DETAILED DESCRIPTION
[36] In the following description, numerous specific details are set forth to provide a
thorough understanding of the presented implementations. The disclosed

implementations may be practiced without some or all of these specific details. In other
instances, well-known process operations have not been described in detail to not
unnecessarily obscure the disclosed implementations. While the disclosed
implementations will be described in conjunction with the specific implementations, it

will be understood that it is not intended to limit the disclosed implementations.

[37] Implementations of the disclosure provide methods and systems for selective

removal of silicon dioxide (Si0,) while protecting an underlying silicon (S1) layer.

[38] Implementations of the disclosure provide methods and systems for selective
removal of silicon dioxide (SiO,) while protecting an underlying silicon (Si) layer.
Broadly speaking, a deuterium (D») plasma is employed, in which vibrational excitation
and Franck-Condon heating produce energetic deuterium (D) atoms capable of forming
bonds with oxygen (O) and releasing volatile O and D». Deuterium atoms also form Si-D
bonds; however another energetic deuterium atom can release the deuterium from a Si-D

bond leaving solid silicon unaffected and producing deuterium (D») gas.

[39] Energetic deuterium can be generated because of vibrational excitation during
electron impact of D, in a low pressure D, plasma that leads to separation of 2 deuterium
atoms that gain equal energy from an excited D, molecule in accordance with the Franck-

Condon principle. Deuterium atoms may also gain energy from charge exchange
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collisions in the D, plasma. Mechanisms for energetic deuterium atom generation are

described in further detail below.

[40] As noted, in accordance with implementations of the disclosure, energetic
deuterium atoms can be generated in a deuterium (D;) plasma under appropriate
conditions. One mechanism for generation of energetic deuterium atoms (also known as
“hot” deuterium atoms) involves vibrational excitation from electron impacts in the

plasma.

[41] Vibrational excitation can be characterized per below, where e is an electron,

and v is the vibrational state of the D, molecule:

[42] e + Da(v=0) 2 Dy(v=1) + ¢
[43] e + Ds(v=n) 2 Dy(v=n+1) + e
[44] As shown above, the deuterium molecules can acquire higher vibrational states

as a result of electron impacts.

[45] Further electron impacts can produce cleavage of the deuterium molecule,
resulting in two energetic deuterium atoms, as shown below, where D" is an energetic

deuterium atom:
[46] e+Dyv=n) > D" +D +e

[47] As shown above, the energetic deuterium atoms may receive equal energy from

the vibrationally excited parent molecule.

[48] Another mechanism for generation of energetic deuterium atoms involves
charge exchange reactions resulting from collisions with ions. Several charge exchange
reactions can lead to energetic deuterium formation. For example, charge exchange
reactions between deuterium molecules can produce energetic deuterium, such as that

shown below:
[49] Ds(v=n) + D,* > Da(v=n)" + D"

[50] In the above reaction, a vibrationally excited deuterium molecule collides with a
D," ion, transferring an electron and imparting vibrational excitation and energy to

generate an energetic and vibrationally excited deuterium molecule.

[51] An alternative mechanism is shown below:
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[52] Ds(v=n) + D,* > D~ + D5*

[53] In the above reaction, rather than electron transfer as in the previous reaction, a
deuterium ion is transferred from the molecular ion to the vibrationally excited deuterium,
and the remaining deuterium atom is imparted with energy to generate the energetic

deuterium atom.

[54] In other charge exchange reactions, deuterium atoms and deuterium molecules

may collide, resulting in generation of energetic deuterium. An example is shown below:
[55] D +D,* > Day(v=n)" +D*

[56] In the above reaction, a deuterium atom collides with a molecular D>* ion,
transferring an electron and imparting vibrational excitation and energy to generate an

energetic and vibrationally excited deuterium molecule.

[57] Another example of collision between a deuterium atom and a deuterium

molecule is shown below:
[58] Da(v=n) +D* > D" +D,*

[59] In the above reaction, a vibrationally excited deuterium molecule collides with
an atomic deuterium ion, imparting energy to generate an energetic deuterium atom as the

charge is transferred to the deuterium molecule.

[60] In still other types of reactions, deuterium atoms colliding with one another may

produce energetic deuterium, as in accordance with the reaction shown below:
[61] D+D*> D" +D*

[62] In the above reaction, a neutral deuterium atom collides with an atomic
deuterium ion, generating an energetic neutral deuterium atom from the ion, as the charge

is transferred converting the neutral to an ion.

[63] Reactions to generate energetic deuterium, such as those described above, can
be produced in a D, plasma under appropriate conditions, including under low bias power
(e.g. Wy, <100 W) and low pressure (e.g. <100 mTorr). Under such conditions of low bias
power and low pressure in a deuterium plasma, not a lot of energy is imparted to the ions,
so that the neutrals will become energetic to a greater extent and the neutrals will

primarily perform the work of etching.
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[64] Utilizing the above principles involving vibrational excitation, an example of
energetic deuterium generation through vibrational excitation may help illustrate
principles in accordance with implementations of the disclosure. Figure 1 is a graph
conceptually illustrating potential energy versus intermolecular distance for a deuterium
molecule D,. By way of example several vibrational states are shown (e.g. v=0, 1, 2, 3,
etc.). For a deuterium molecule D,, proceeding from the ground state v=0, each additional
vibrational state requires approximately 0.3 eV. So in a plasma with 0.3 eV energy
electrons, such electrons impart energy to the deuterium molecule and enable it to climb
vibrational states, with each unit step up in vibrational state requiring 0.3 eV. Eventually,
the deuterium molecule may have a high enough vibrational state, wherein another
electron may produce an unstable state, leading to splitting of the vibrationally excited

deuterium molecule into two energetic deuterium atoms, as shown below:
[65] E+Dyv=n) > D" +D +e¢

[66] By way of example without limitation, a deuterium molecule may reach a
vibrational state of v=6. As each vibrational excitation step requires approximately 0.3 eV
of energy, then the vibrationally excited deuterium molecule at v=6 will have
approximately 6 * 0.3 eV = 1.8 eV of energy. And when the deuterium molecule splits,
each energetic deuterium atom will have approximately 0.9 eV of energy. It will be
appreciated that this is simply an example of hot deuterium atom generation by
vibrational excitation, demonstrating principles in accordance with implementations of

the disclosure.

[67] Under conditions of low pressure and low bias, so that ions don’t have much
energy, etching can be achieved primarily using neutrals. Energetic deuterium can be
generated through vibrational excitation (e.g. at a vibrational state of v=10 for a D,
molecule, hot D gets 1.5eV), and through charge exchange reactions, in which an electron
can be donated from a neutral to an ion, making the ion an energetic neutral. Further, ions
may transfer energy to neutrals, e.g. a D* ion may strike Do+ with 30 eV bias, and split up
the energy. This can be achieved under continuous TCP conditions in some
implementations. It will be appreciated that there are still ions in the plasma, but through
charge exchange the ions are employed to produce hot deuterium. Furthermore, because
the process is operated under low bias (e.g. 5-100W), the ions will have low energy and

consequently will not etch the substrate surface. Ions may give energy to neutrals, but the



10

15

20

25

30

WO 2020/186087 PCT/US2020/022445

ions do not etch. Instead, the neutrals are performing the work of etching as described

further herein.

[68] Additional details regarding dissociation of diatomic molecules can be found
with reference to Thorman et al., “The role of low-energy electrons in focused electron
beam induced deposition: four case studies of representative precursors,” Beilstein J.
Nanotechnol. 2015, 6, 1904—1926, the disclosure of which is incorporated by reference

herein.

[69] Figure 1 is a graph illustrating energy versus angle for a deuterium plasma, in
accordance with implementations of the disclosure. In the illustrated implementation,
plasma is generated at approximately 10 mTorr and approximately 300 W TCP. The
various bands indicate different densities of energy distribution. Broadly speaking, the
energy is as high as approximately 30 eV. Furthermore, the plot shows greater density at
lower energies, e.g. energies less than approximately 5 eV. The illustrated energy
distribution for these plasma reactions provides an ample supply of energized particles

that are useful for reactions that generate energetic deuterium.

[70] It will be appreciated that if the pressure is too high, there will be lots of
collisions between particles, and all particles will get a portion of energy so that the
average energy becomes very small. This would drive down the distribution of energies to
lower energies. Therefore, in accordance with implementations of the disclosure, to help
ensure a sufficient distribution of energies for hot deuterium generation, the deuterium
plasma is generated under low pressure conditions. For example, in some
implementations the pressure is in the range of approximately 1 to 100 mTorr; in some
implementations, approximately 1 to 50 mTorr. In some implementations the pressure is
in the range of approximately 10 to 30 mTorr. In some implementations the pressure is

approximately 20 mTorr.

[71] In some implementations low TCP power is applied. In some implementations

TCP power is approximately less than 100 W.

[72] In some implementations low bias power is applied. In some implementations

bias power is approximately less than 100 W.

[73] Figure 2 is a graph illustrating deuterium flux versus energy (eV), in accordance

with implementations of the disclosure. As can be seen, there is generally decreasing
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deuterium flux as energy increases, such that the flux is more concentrated at lower

energies. Between 40 and 60 eV, the deuterium flux essentially falls to zero.

[74] Figures 3A-3D conceptually illustrate a series of reactions through which
energetic deuterium achieves etching of the surface of a substrate, in accordance with

implementations of the disclosure.

[75] At Figure 3A, a substrate surface 300 is shown, having silicon dioxide on the
exposed surface. An energetic D having 0.5 eV will break a Si-O bond, and replace the
Si, forming a bond between the D and the O. At Figure 3B, this process may repeat for

the other Si-O bond of the oxygen, resulting in solid phase D-O-D.

[76] At Figure 3C, the solid phase D-O-D is split by additional hot D atoms. For
example, another hot D at 3.5 eV yields D, gas + O-D (solid phase). And another hot D at
3.5 eV yields D, gas + O, gas. In this manner, the oxygen is removed from the silicon

dioxide layer.

[77] In some implementations a hot D at 1.4 eV may form Si-D on the surface.

However, a hot D at 2.8 eV will attack Si-D, and liberate Si, and remove the D as D, gas.

[78] In some implementations, some silicon from the SiO, may be left behind on the
surface. However it will be appreciated that at a 3nm process, the SiO, is so thin (e.g. 0.5
nm); so adding some silicon from this thin layer is not consequential. That is, the Si from
S102 is minimal and may become attached to the silicon layer underneath. And thus, the

etched material can be primarily oxygen in some implementations.

[79] In some implementations, after oxygen is removed from the SiO,, the remaining
silicon can be removed as SiD4 gas. That is, when the oxygen is removed from the SiO»,
deuterium may form bonds with the Si at the available sites. Further, the remaining bond
of the Si (to another Si) is made more accessible, and can be broken by, for example, a
D+ ion (e.g. at about 20 eV). In this manner SiD4 gas is formed, which leaves the surface,

carrying away the Si from the original SiO, layer.

[80] In accordance with implementations of the disclosure, etching is performed
under low bias power (e.g. < 100 W in some implementations, or < 50W in some
implementations). Thus, the ions have low energy and cannot directly etch the silicon
layer and break Si-Si bonds because they are interlinked. However, once the oxygen from

the surface SiO, is removed as previously described, the remaining silicon atoms at the

10
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surface are susceptible because they are no longer interlinked, and thus the low energy
ions are capable of removing such silicon, e.g. by accessing the Si-Si bond and forming

volatile products such as SiD, gas.

[81] By contrast, the silicon atoms in the underlying silicon layer are interlinked

(cross linked) and therefore not very accessible, such that deuterium will not penetrate

and break bonds.

[82] Figures 4A-4C conceptually illustrate selective etching of Si0, from a substrate
surface, in accordance with implementations of the disclosure. Figure 4A conceptually
illustrates a cross section of a portion of a substrate surface 400, prior to initiation of an
etch process. In the illustrated implementation, silicon dioxide portions 402 and 404 are
present at the surface of the substrate, and are present on an underlying silicon portion

406.

[83] Figure 4B illustrates the substrate surface 400 during a selective etch process in
accordance with implementations of the disclosure. The etch process is configured to
selectively etch the SiO, while leaving the underlying silicon portion 406 intact. As
shown in the illustrated implementation, the SiO, portions 402 and 404 have been
partially and selectively removed from the substrate surface 400. As the etch process
proceeds, SiD4, D, and O gases are evolved from the surface and removed from the

process chamber.

[84] Figure 4C illustrates the substrate surface 400 after performance of the selective
etch process. As shown, the SiO, portions have been removed, while the underlying

silicon portion 406 has remained intact.

[85] As discussed in accordance with implementations of the disclosure, energetic D
atoms can separate Si from O atoms in SiO,, forming O-D bonds. Later on another D
atom can cause scission of a remaining Si-O bond. Successive D atoms can remove O
producing D»(g) and O(g). D atoms can form Si-D bonds but energetic D can release
bonded D forming Da(g) protecting Si. Energetic D because of its selective interaction
with SiO; can enable feature etching of SiO, without harming Si below, when pressure is
kept low and small bias power is used. The low pressure, low bias power D, plasma can
generate hot D atoms responsible for removing SiO, above Si selectively, which is not

possible using traditional plasma methods such as C4Fs plasma application.

11



10

15

20

25

30

WO 2020/186087 PCT/US2020/022445

[86] Various implementations described herein may be performed in an inductively
coupled plasma (ICP) system. With reference to Figure 5, an example ICP deposition
system or apparatus may include a chamber 501 having a gas injector/showerhead/nozzle
503 for distributing gases (505, 507, 509) (e.g. reactant and purge gases) or other
chemistries into the chamber 501, chamber walls 511, a chuck 513 for holding a substrate
or wafer 515 to be processed which may include electrostatic electrodes for chucking and
dechucking a wafer. The chuck 513 is heated for thermal control, enabling heating of the
substrate 515 to a desired temperature. In some implementations, the chuck 513 may be
electrically charged using an RF power supply 517 to provide a bias voltage in

accordance with implementations of the disclosure.

[87] An RF power supply 519 is configured to supply power to an RF antenna/coil
521, disposed over a dielectric window 523 to generate a plasma 525 in the process space
over the substrate 515. In some implementations, the chamber walls are heated to support
thermal management and efficiency. A vacuum source 527 provides a vacuum to
evacuate gases from the chamber 501. The system or apparatus may include a system
controller 529 for controlling some or all of the operations of the chamber or apparatus
such as modulating the chamber pressure, inert gas flow, plasma power, plasma
frequency, reactive gas flow; bias power, temperature, vacuum settings; and other process

conditions.

[88] In some implementations, a system/apparatus may include more than one

chamber for processing substrates.

[89] Figure 6 shows a control module 600 for controlling the systems described
above, in accordance with implementations of the disclosure. For instance, the control
module 600 may include a processor, memory and one or more interfaces. The control
module 600 may be employed to control devices in the system based in part on sensed
values. For example, the control module 600 may control one or more of valves 602, filter
heaters 604, pumps 606, and other devices 608 based on the sensed values and other
control parameters. The control module 600 receives the sensed values from, for example
only, pressure manometers 610, flow meters 612, temperature sensors 614, and/or other
sensors 616. The control module 600 may also be employed to control process conditions
during reactant delivery and plasma processing. The control module 600 will typically

include one or more memory devices and one or more processors.

12
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[90] The control module 600 may control activities of the reactant delivery system
and plasma processing apparatus. The control module 600 executes computer programs
including sets of instructions for controlling process timing, delivery system temperature,
pressure differentials across the filters, valve positions, mixture of gases, chamber
pressure, chamber temperature, wafer temperature, RF power levels, wafer ESC or
pedestal position, and other parameters of a particular process. The control module 600
may also monitor the pressure differential and automatically switch vapor reactant
delivery from one or more paths to one or more other paths. Other computer programs
stored on memory devices associated with the control module 600 may be employed in

some implementations.

[91] Typically there will be a user interface associated with the control module 600.
The user interface may include a display 618 (e.g. a display screen and/or graphical
software displays of the apparatus and/or process conditions), and user input devices 620

such as pointing devices, keyboards, touch screens, microphones, etc.

[92] Computer programs for controlling delivery of reactant, plasma processing and
other processes in a process sequence can be written in any conventional computer
readable programming language: for example, assembly language, C, C++, Pascal,
Fortran or others. Compiled object code or script is executed by the processor to perform

the tasks identified in the program.

[93] The control module parameters relate to process conditions such as, for
example, filter pressure differentials, process gas composition and flow rates,
temperature, pressure, plasma conditions such as RF power levels and the RF frequency,

cooling gas pressure, and chamber wall temperature.

[94] The system software may be designed or configured in many different ways. For
example, various chamber component subroutines or control objects may be written to
control operation of the chamber components necessary to carry out the inventive
deposition processes. Examples of programs or sections of programs for this purpose
include substrate positioning code, process gas control code, pressure control code, heater

control code, and plasma control code.

[95] Although the foregoing implementations have been described in some detail for

purposes of clarity of understanding, it will be apparent that certain changes and

13
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modifications may be practiced within the scope of the disclosed implementations. It
should be noted that there are many alternative ways of implementing the processes,
systems, and apparatus of the present implementations. Accordingly, the present
implementations are to be considered as illustrative and not restrictive, and the

implementations are not to be limited to the details given herein.
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CLAIMS

1. A method, comprising:

generating a deuterium plasma, the deuterium plasma including a plurality of
energetic deuterium atoms; and

directing one or more of the plurality of energetic deuterium atoms to a surface of
a substrate, the surface of the substrate having a region of silicon dioxide, the region of
silicon dioxide having an underlying silicon layer;

wherein the one or more of the plurality of energetic deuterium atoms selectively
etch the region of silicon oxide, to the exclusion of the underlying silicon layer.

2. The method of claim 1, wherein at least some of the energetic deuterium
atoms are generated from vibrational excitation during electron impact in the deuterium
plasma.

3. The method of claim 1, wherein at least some of the energetic deuterium
atoms are generated from charge exchange collisions in the deuterium plasma.

4. The method of claim 1, wherein the plurality of energetic deuterium atoms
are generated with approximately 0.15 to 30 eV energy.

5. The method of claim 1, wherein generating the deuterium plasma includes
introducing a deuterium gas into a process chamber in which the substrate is disposed,
and inductively coupling power into the deuterium gas in the process chamber.

6. The method of claim 5, wherein generating the deuterium plasma and
directing the one or more of the plurality of energetic deuterium atoms are performed in
the process chamber at a pressure of approximately 1 to 50 mTorr.

7. The method of claim 5, wherein inductively coupling power into the
deuterium gas in the process chamber includes applying power to an RF coil at
approximately 50 to 5000 Watts.

8. The method of claim 1, wherein directing the one or more of the plurality
of energetic deuterium atoms to the surface of the substrate includes applying a bias
power of approximately 5 to 100 Watts.

9. A method, comprising:

generating a deuterium plasma, the deuterium plasma including a plurality of

energetic deuterium atoms; and
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directing one or more of the plurality of energetic deuterium atoms to a surface of
a substrate, the surface of the substrate having a region of silicon dioxide, the region of
silicon dioxide having an underlying silicon layer;

wherein directing the one or more of the plurality of energetic deuterium atoms to
the surface of the substrate includes applying a bias power of approximately 5 to 100
Watts;

wherein generating the deuterium plasma and directing the one or more of the
plurality of energetic deuterium atoms are performed in the process chamber at a pressure
of approximately 1 to 50 mTorr;

wherein the one or more of the plurality of energetic deuterium atoms selectively
etch the region of silicon oxide, to the exclusion of the underlying silicon layer.

10. The method of claim 9, wherein the energetic deuterium atoms are
generated from vibrational excitation during electron impact or charge exchange
collisions in the deuterium plasma.

11. The method of claim 9, wherein the plurality of energetic deuterium atoms
are generated with approximately 0.15 to 30 eV energy.

12. The method of claim 9, wherein generating the deuterium plasma includes
introducing a deuterium gas into a process chamber in which the substrate is disposed,
and inductively coupling power into the deuterium gas in the process chamber.

13. The method of claim 12, wherein inductively coupling power into the
deuterium gas in the process chamber includes applying power to an RF coil at
approximately 50 to 5000 Watts.

14. A system, comprising:

a process chamber configured to receive a substrate for processing, a surface of
the substrate having a region of silicon dioxide, the region of silicon dioxide having an
underlying silicon layer;

a deuterium source for supplying a deuterium gas into the process chamber;

an RF coil for inductively coupling power into the deuterium gas in the process
chamber, to generate a deuterium plasma, the deuterium plasma including a plurality of
energetic deuterium atoms;

wherein one or more of the plurality of energetic deuterium atoms are directed to
the surface of the substrate to selectively etch the region of silicon oxide, to the exclusion

of the underlying silicon layer.
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15. The system of claim 14, wherein at least some of the plurality of energetic
deuterium atoms are generated from vibrational excitation during electron impact in the
deuterium plasma.

16. The system of claim 14, wherein at least some of the plurality of energetic

5 deuterium atoms are generated from charge exchange collisions in the deuterium plasma.

17. The system of claim 14, wherein the plurality of energetic deuterium
atoms are generated with approximately 0.15 to 30 eV energy.

18. The system of claim 14, further comprising, a vacuum source configured
to maintain the process chamber at a pressure of approximately 1 to 50 mTorr.

10 19. The system of claim 14, further comprising, an RF power source
configured to apply RF power to the RF coil at approximately 50 to 5000 Watts.

20. The system of claim 14, further comprising,

a chuck, disposed in the process chamber and configured to support the substrate;

an RF power source configured to apply a bias power to the chuck of

15  approximately 5 to 100 Watts.
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